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Assessment Problems 


AP 1.1 To solve this problem we use a product of ratios to change units from dollars/year to 
dollars/millisecond. We begin by expressing $10 billion in scientific notation: 

$100 billion = $100 x 10 9 


Now we determine the number of milliseconds in one year, again using a product of 
ratios: 


1 year 1 day 1 hour 1 min 1 sec 1 year 

365.25 days 24 hours 60 mins 60 secs 1000 ms 31.5576 x 10 9 ms 

Now we can convert from dollars/year to dollars/millisecond, again with a product 
of ratios: 


$100 x 10 9 1 year 

1 year ' 31.5576 x 10 9 ms 


100 

31.5576 


$3.17/ms 


AP 1.2 First, we recognize that 1 ns = 10 -9 s. The question then asks how far a signal will 
travel in 10“ 9 s if it is traveling at 80% of the speed of light. Remember that the 
speed of light c = 3 x 10 8 m/s. Therefore, 80% of c is (0.8) (3 x 10 8 ) = 2.4 x 10 8 
m/s. Now, we use a product of ratios to convert from meters/second to 
inches/nanosecond: 


2.4 x 10 8 m Is 100 cm 1 in _ (2.4 x 10 8 )(100) _ 9.45 in 
Is 10 9 ns ' 1 m ' 2.54 cm ~~ (10 9 )(2.54) ~~ 1 ns 

Thus, a signal traveling at 80% of the speed of light will travel 9.45" in a 
nanosecond. 
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AP 1.3 Remember from Eq. (1.2), current is the time rate of change of charge, or i = ‘-jj In 
this problem, we are given the current and asked to find the total charge. To do this, 
we must integrate Eq. (1.2) to find an expression for charge in terms of current: 


q(t ) = / i(x ) dx 
Jo 

We are given the expression for current, i, which can be substituted into the above 
expression. To find the total charge, we let t —» oo in the integral. Thus we have 


Aotal 


= / 20e 


— 5000 * 


dx = 


20 


.,— 5000 * 


-5000 


20 


-5000 


(e°° — e°) 


Jk» ( °- 1) =5S0 = 0004C = 400 °'‘ C 


AP 1.4 Recall from Eq. (E2) that current is the time rate of change of charge, or i = ^f. In 
this problem we are given an expression for the charge, and asked to find the 
maximum current. First we will find an expression for the current using Eq. (1.2): 


^ = d_ + —) e~ at 

dt dt la 2 Vcc a 2 ) 


(i e -<A 

dt \a 2 J dt Va ) 


d 

dt 



= 0 - 



t 

a—e 

a 




, 1 1 

— (-b t H- 

a a 


-.—at 


= te at 


Now that we have an expression for the current, we can find the maximum value of 
the current by setting the first derivative of the current to zero and solving for t: 

^ = -f ~(te~ at ) = e~ at + t(—a)e at = (1 — at)e~ at = 0 
dt dC J K J K J 

Since e~ at never equals 0 for a finite value of t, the expression equals 0 only when 
(1 — at) = 0. Thus, t = 1/a will cause the current to be maximum. For this value 
of t, the current is 



a a 

Remember in the problem statement, a = 0.03679. Using this value for a, 
1 

0.03679 C 


i = 


r^j 


10 A 



Problems 1-3 


AP 1.5 Start by drawing a picture of the circuit described in the problem statement: 



Also sketch the four figures from Fig. 1.6: 



(a) (b) 



(c) (d) 


[a] Now we have to match the voltage and current shown in the first figure with the 

polarities shown in Fig. 1.6. Remember that 4A of current entering Terminal 2 
is the same as 4A of current leaving Terminal 1. We get 

(a) v = -20 V, i = —4 A; (b) v = -20 V, i = 4 A 

(c) v = 20 V, i = —4 A; (d) v = 20 V, i = 4A 

[b] Using the reference system in Fig. 1.6(a) and the passive sign convention, 

p — vi = (—20) (—4) = 80 W. Since the power is greater than 0, the box is 
absorbing power. 

[c] From the calculation in part (b), the box is absorbing 80 W. 

AP 1.6 Applying the passive sign convention to the power equation using the voltage and 
current polarities shown in Fig. 1.5, p = vi. From Eq. (1.3), we know that power is 
the time rate of change of energy, or p — If we know the power, we can find the 
energy by integrating Eq. (1.3). To begin, find the expression for power: 

p = vi = (10,000e -5 °° M ) (20e _5000t ) = 200,000e- 10 ’° 0W = 2 x ioV 10 ’ 000 * W 

Now find the expression for energy by integrating Eq. (1.3): 

w(t) = p(x) dx 
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Substitute the expression for power, p, above. Note that to find the total energy, we 
let t —> oo in the integral. Thus we have 


w = 


/ OO 

2 x io 5 e - 10 ’ 00(te dx 
o 


2 x 10 5 

-io,ooo e 


10,000a; 


oo 


0 


2 x 10 5 . nx 2 x 10 5 . , 2 x 10 5 

- (e — e°) =-(0 — 1) =- 

- 10 , 000 v ; - 10 , 000 v ; 10,000 


20 J 


AP 1.7 At the Oregon end of the line the current is leaving the upper terminal, and thus 
entering the lower terminal where the polarity marking of the voltage is negative. 
Thus, using the passive sign convention, p = —vi. Substituting the values of voltage 
and current given in the figure, 


p = -(800 x 10 3 )(1.8 x 10 3 ) = -1440 x 10 6 = -1440 MW 


Thus, because the power associated with the Oregon end of the line is negative, 
power is being generated at the Oregon end of the line and transmitted by the line to 
be delivered to the California end of the line. 


Chapter Problems 


P 1.1 To begin, we calculate the number of pixels that make up the display: 


%>ixeis = (1280)(1024) = 1,310,720 pixels 


Each pixel requires 24 bits of information. Since 8 bits comprise a byte, each pixel 
requires 3 bytes of information. We can calculate the number of bytes of 
information required for the display by multiplying the number of pixels in the 
display by 3 bytes per pixel: 


kbytes 


1,310,720 pixels 3 bytes 
1 display 1 pixel 


3,932,160 bytes/display 


Finally, we use the fact that there are 10 6 bytes per MB: 


3,932,160 bytes 1 MB 
1 display 10 6 bytes 


3.93 MB/display 



Problems 1-5 


P 1.2 


P 1.3 


P 1.4 


P 1.5 


P 1.6 


c = 3 x 10 8 m/s so 
1.5 x 10 8 m 5 x 10 6 m 


-c = 1.5 x 10 8 m/s 
2 


1 s 


so 


X = 


X s 


5 x 10 6 
1.5 x 10 8 


= 33.3 ms 


We can set up a ratio to determine how long it takes the bamboo to grow 10 /im First, 
recall that 1 mm = 10 3 //m. Let’s also express the rate of growth of bamboo using the 
units mm/s instead of mm/day. Use a product of ratios to perform this conversion: 


250 mm 1 day 1 hour 1 min 


250 


10 


mm/s 


1 day 24 hours 60 min 60 sec (24) (60) (60) 3456 

Use a ratio to determine the time it takes for the bamboo to grow 10 //m: 


-3 


m 


10 x 10 


10/3456 x 10 

Is X s 

Volume = area x thickness 
10 6 = (10 x 10 6 ) (thickness) 
10 6 


-6 


m 


so 


x = 


10 x 10" 6 
10/3456 x 10- 3 


= 3.456 s 


thickness = 


10 x 10 6 


= 0.10 mm 


300 x 10 9 dollars 100 pennies 1 year 1 day 1 hr 1.5 mm 1 m 


1 year 1 dollar 

= 1426 m/s 


365.25 days 24 hr 3600 s 1 penny 1000 mm 


Our approach is as follows: To determine the area of a bit on a track, we need to 
know the height and width of the space needed to store the bit. The height of the 
space used to store the bit can be determined from the width of each track on the 
disk. The width of the space used to store the bit can be determined by calculating 
the number of bits per track, calculating the circumference of the inner track, and 
dividing the number of bits per track by the circumference of the track. The 
calculations are shown below. 


Width of track = 


1 in 25,400yum 
77 tracks in 


= 329.87//m/track 


1.4 MB 8 bits 1 side 

Bits on a track = ——-:-— = 72,727.273 bits/track 

2 sides byte 77 tracks 

Circumference of inner track = 27r(l/2")(25,400 / um/in) = 79,796.453/mi 

79 796.453//m 

Width of bit on inner track = —--= 1.0972/im/bit 

72,727.273 bits p 

Area of bit on inner track = (1.0972)(329.87) = 361.934yum 2 
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P 1.7 


P 1.8 


P 1.9 


P 1.10 


C/m' 1 = 1.6022 x 10~ 19 x 10^ y = 1.6022 x 10 iU C/m' 


29 


, 10 , 


C/m = (1.6022 x 10 iU )(5.4 x 10 -4 ) = 8.652 x 10 b C/m 


C 


Therefore, (8.652 x 10 b ) — x ave vel I — | = i 

m Vs 


m 


Thus, average velocity = 


1400 

8.652 


x 10" 6 = 161.81 /i m/s 


[a] n = 


20 x 10" 6 C/s 


1.6022 x 10“ 19 C/elec 
[b] m = 3303 mi 


= 1.25 x 10 14 elec/s 

A 


5280 ft 12 in 2.54 cm 10 4 um r , 2 


1 mi 1 ft 


1 in 


1 cm 


= 5.32 x 10 ym 


n 


Therefore, — = 23.5 
m 


The number of electrons/second is approximately 23.5 times the number of 
micrometers between Sydney and San Francisco. 

First we use Eq. (1.2) to relate current and charge: 

i = — = 20 cos 5000/ 
dt 

Therefore, dq = 20 cos 5000/ dt 

To find the charge, we can integrate both sides of the last equation. Note that we 
substitute x for q on the left side of the integral, and y for / on the right side of the 
integral: 


ri(t) 

4(o) 


dx = 20 [ cos 5000i/ dy 
Jo 


We solve the integral and make the substitutions for the limits of the integral, 
remembering that sin 0 = 0: 


q(t) - q{ 0) = 20 


sin 5000y 
5000 


20 20 20 

= -sin 5000/-sin 5000(0) =-sin 5000/ 

o 5000 5000 v ’ 5000 


But q( 0) = 0 by hypothesis, i.e., the current passes through its maximum value at 
/ = 0, so g(Z) = 4 x 10~ 3 sin 5000/C = 4 sin 5000/mC 


w = qV = (1.6022 x 10~ 19 )(9) = 14.42 x 10" 19 = 1.442 aJ 


-19 



Problems 1-7 


3600 s 

P 1.11 p = (6)(100 x 10” 3 ) = 0.6 W; 3 hr • = 10,800 s 

rt <•10,800 

w(t)= / pdt w(10,800) = / 0.6 dt = 0.6(10,800) = 6480 J 

Jo Jo 

P 1.12 Assume we are standing at box A looking toward box B. Then, using the passive 
sign convention p — vi, since the current i is flowing into the + terminal of the 
voltage v. Now we just substitute the values for v and i into the equation for power. 
Remember that if the power is positive, B is absorbing power, so the power must be 
flowing from A to B. If the power is negative, B is generating power so the power 
must be flowing from B to A. 

[a] p = (20) (15) = 300 W 300 W from A to B 

[b] p = (100) (-5) = -500 W 500 W from B to A 

[c] p = (-50) (4) = -200 W 200 W from B to A 

[d] p = (-25) (-16) = 400 W 400 W from A to B 

P 1.13 [a] 

v 

+ 

p = vi = (—20)(5) = -100 W 
Power is being delivered by the box. 

[b] Leaving 

[c] Gaining 

P 1.14 [a] p = vi = (—20) (—5) = 100 W, so power is being absorbed by the box. 

[b] Entering 

[c] Losing 


P 1.15 [a] In Car A, the current i is in the direction of the voltage drop across the 12 V 

battery (the current i flows into the + terminal of the battery of Car A). 
Therefore using the passive sign convention, p = vi = (—40) (12) = —480 
W. 

Since the power is negative, the battery in Car A is generating power, so Car B 
must have the ’’dead” battery. 
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rt 00 § 

[b] wit) = / pdx ; 1.5 min = 1.5 •-— = 90 s 

Jo 1 min 

r 90 

w(90) = / 480 dx 

Jo 

w = 480(90 - 0) = 480(90) = 43,200 J = 43.2 kJ 

P 1.16 p — vv, w= pdx 

Jo 

Since the energy is the area under the power vs. time plot, let us plot p vs. t. 



Note that in constructing the plot above, we used the fact that 60 hr = 216,000 s = 

216 ks 

p(0) = (6)(15 x 10" 3 ) = 90 x 10" 3 W 
p(216 ks) = (4)(15 x 10" 3 ) = 60 x 10" 3 W 

w = (60 x 10 _3 )(216 x 10 3 ) + ^(90 x 10" 3 - 60 x 10~ 3 )(216 x 10 3 ) = 16.2 kJ 

P 1.17 [a] To find the power at 625 /rs, we substitute this value of time into both the 

equations for v(t) and i(t) and multiply the resulting numbers to get p(625 /rs): 

u(625 /rs) = 50e _1600< ' 625xl0_6 ' ) - 50 e - 400 ( 625xl0_6 ) = 18.394 - 38.94 = -20.546 V 

i(625 /rs) = 5 X l 0 -3 e - 1 600(625xl0-«) _ 5 x 10 -3 e -400(625xl 0 -e) 

= 0.0018394 - 0.003894 = -0.0020546 A 

p( 625/rs) = (-20.546)(-0.0020546) = 42.2 mW 

[b] To find the energy at 625 /rs, we need to integrate the equation for p(t) from 0 to 
625 /rs. To start, we need an expression for p(t): 

pit) = v(t)i(t) = (50) (5 x 10” 3 )(e~ 160W - e - 400t )( e - 160W - e _400t ) 




Problems 1-9 


= 4 6 


—3200t 


2e 


—2000t _|_ e -800 1 \ 


Now we integrate this expression for p(t) to get an expression for w(t). Note 
we substitute x for t on the right side of the integral. 

1 rt 


w(t) = ll (e 


—3200a: 


— 2e 


-2000a: 


+ e 


—800a: 


)dx 


1 

4 

1 

4 

1 

4 


,—3200a: 


2000a: 


,—800a: 


-3200 

1000 

800 

e -3200t 

g -2000t 

1 

e -800t 

-3200 

1000 

800 

e -3200t 

g -2000t 

+ —-— 

O 

O 1 

OO 1 

1 

03 

1 


+ 


-3200 1000 


1 

800 


+ 5.625 x 10 


-4 


Finally, substitute t = 625 /is into the equation for w(t): 

u?(625/is) = ^[-4.2292 x 10~ 5 + 2.865 x 10" 4 - 7.5816 x 10~ 4 + 5.625 x 10~ 4 ] 


= 12.137 /iJ 


[c] To find the total energy, we let t —> oo in the above equation for w(t). Note that 
this will cause all expressions of the form e~ nt to go to zero, leaving only the 
constant term 5.625 x 10” 4 . Thus, 

u-totai = ^[5.625 x 10” 4 ] = 140.625 /rJ 

P 1.18 [a] u(20ms) = 100e- 1 sin3 = 5.19 V 

i(20 ms) = 20e _1 sin 3 = 1.04 A p(20 ms) = vi = 5.39 W 


[b] p 


w 


w 


vi = 2000e" low sin' 2 150f 
2000e~ loot 


1 1 

-cos 300t 

2 2 


lOOOe” 

roo 


- 1000e" 


cos 300f 


lOOOe 


-loot 


(It, — 


lOOOe 


-loot 


cos 300t dt 


1 0 


,-100t 


1000 


-100 

r 

-1000 


,-100t 


10 - 1000 
9 J 


(100) 2 + (300) 2 
100 


1 x 10 4 + 9 x 10 4 


-100 cos 300f + 300 sin 300t] 


= 10 


OO 


0 
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P 1.19 


P 1.20 


[a] 0 s < t < 1 s: 

v = 5 V; 

1 s < t < 2 s: 

v = 0 V; 

2 s < t < 3 s: 

v = 0 V; 

3 s < t < 4 s: 

v = -5 V; 

4 s < t < 5 s: 

v = -5 V; 

5 s < t < 6 s: 

v = 5 V; 

6 s < t < 7 s: 

v = 5 V; 
t > 7 s: 

v = 0 V; 


i = 20 1 A; 

i = 20 A; 

i = 20 A; 

i = 80 - 20 1 A; 

i = 80 - 20 1 A; 

i = -120 + 20 1 A; 

i = -120 + 201 A; 

i = 20 A; 


p = loot w 

p = ow 

p = ow 

p = -400 + loot W 

p = -400 + lOOt W 

p = -600 + lOOt W 

p = -600 + lOOt W 

p = OW 


P (t) 



[b] Calculate the area under the curve from zero up to the desired time: 

w( 1) = |(1)(100) = 50 J 

w( 6) = |(1)(100) - |(1)(100) + |(1)(100) - |(1)(100) = 0 J 
w(10) = |(1)(100) - |(1)(100) + |(1)(100) - |(1)(100) + |(1)(100) = 50 J 

[a] p — vi— (100e" 50W )(0.02 - 0.02e" 50W ) = (2e" 50W - 2e" 1000t ) W 

<] f = -lOOOe" 5004 + 2000e~ loot)i = 0 so 2 e" 100W = e" 500t 
at 

2 — gSoot SQ i n 2 — 5Q0t thus p is maximum at t = 1.4 ms 
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Pmax = p( 1.4 ms) = 0.5 W 

[b] W= /°°[2e -500t — 2e _1000t ] dt = 
Jo 

4 2 

= 2mJ 


.,—500* 


,- 1000 * 


L —500 


-1000 


o J 


1000 1000 

P 1.21 [a] p = vi = 200 cos(5007r*)4.5 sin(5007r*) = 450 sin(10007rt) W 

Therefore, p max = 450 W 

[b] p m a X (extracting) = 450 W 

[c] 


Pavg 


4 x 10 - 3 Jo 
-450 


4x10-3 450 

450sin(10007nr) dx = 


— cos10007T*' 


4 x IQ” 3 L lOOOvr 


47r 


COS 47T — cos 0] = 


-450 

47T 


[1 - 1] = o W 


[d] Pavg = 


P 1.22 [a] q 


———[cos 157T " cos 0] = —^[-1 - 1] = 900 = 71.62 W 
47T 47T 47T 

area under i vs. * plot 

M + 6(5000) + 6 < 10 f 0 °> + 8(15,000) + ™ 
15,000 + 30,000 + 30,000 + 120,000 + 20,000 = 215,000 C 


[b] w = 


= vidt 


0 < t < 20 ks 


v = 0.2 x 10 3 t + 

0 < t < 5000s 

20 - 1.2 x 10 “ 3 t 

(8 + 0.2 x 10“ 3 t)(20 - 1.2 x 10" 3 f) 
160 - 5.6 x 10" 3 f - 2.4 x 10 -7 t 2 

|-5000 
W\ 


l 

p 


l-OUUU 

/ (160 - 5.6 x 10-3* - 2.4 x 10" 7 f 2 ) dt 

Jo 

/ r a . -i — 7 \ 15000 


5.6 x 10"3 „ 2.4 x 10" 7 , 

160*---* 2 ---* 3 


= 720 kJ 


5000 < t < 15,000s 

i = 17-0.6x10-3* 


W 2 


p = (8 + 0.2 x 10"3*)(17-0.6 x lO- 3 *) 

= 136 - 1.4 x lO" 3 * - 1.2 x 10" 7 * 2 

/■15,000 

= / (136 — 1.4 x 10 -3 * — 1.2 x 10 -7 * 2 ) dt 

J 5000 . 


136*- 


1.4 x 10 


-3 


9 1.2 x 10~ 7 

* 2 ---*3 


15,000 


= 1090 kJ 


5000 


4xl0 -3 

0 
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15,000 < t < 20,000s 

i = 32 - 1.6 x 10" 3 f 

p = (8 + 0.2 x 10“ 3 f)(32 — 1.6 x 10~ 3 t) 

= 256 - 6.4 x 10~ 3 f - 3.2 x 10" 7 f 2 
(• 20,000 

/ (256 - 6.4 x 10" 3 f - 3.2 x 10" 7 f 2 ) dt 

J 15.000 


W 3 


256f- 


6.4 x 10 


" 3 „ 3.2 x 10 ” 7 

t 2 --- 1 3 


20,000 


= 226,666.67 J 


15,000 


wt = Wl + w 2 + w 3 = 720,000 + 1,090,000 + 226,666.67 = 2036.67 kJ 

P 1.23 [a] p = vi = [10 4 f + 5)e _400t ][(40t + 0.05)e _4 ° ot ] 

= 400 x 10 3 f 2 e _800t + 700fe _8 ° ot + 0.25e- 80m 
= e - 8 °°i[400,000t 2 + 700f + 0.25] 

^ = { e - 800< [800 x 10 3 f + 700] - 800e -80W [400,000f 2 + 700f + 0.25]} 

LLL 

= [—3,200,000 1 2 + 2400f + 5] lOOe" 800 * 

Therefore, — = 0 when 3,200,000f 2 - 2400f -5 = 0 
dt 

so 71 ma x occurs at t— 1.68 ms. 


[b] p 


'max — 


= [400,000(.00168) 2 + 700(.00168) + 0.25]e- 800( - 

= 666.34 mW 


.00168) 


[c] w = 

w = 


rt 


Jo 


pdx 


t m i OOOx 2 e- 800x dx+ f700xe- 8OOx dx + ^0.25 e- 800x dx 
Jo Jo t Jo 

400,000e _800a; , , 

— ’_ffi/i v m4^,2 


-512 x 10 6 

70 0e - 8 °te 

—- r (—800a: — 1 ) 

64 x 10 4 v ; 


[64 x 10 4 a ; 2 + 1600a; + 2] 


g—800a; 

+ 0.25- 

lo - 800 


+ 


o 


^ lo 

When t —* oo all the upper limits evaluate to zero, hence 

(400,000) (2) 700 0.25 

w = —TEA + —-— + —— = 2.97 mJ. 


P 1.24 [a] We can find the time at which the power is a maximum by writing an expression 

for 71 (f) = v(t)i(t), taking the first derivative 

of 71(f) and setting it to zero, then solving for f . The calculations are shown below: 

71 = 0 f < 0, 71 = 0 f>40s 

71 = vi = (f - 0.025f 2 )(4 - 0.2f) = 4f - 0.3f 2 + 0.005f 3 W 0 < f < 40 s 

= 4-0.6f + 0.015f 2 = 0 
dt 
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Use a calculator to find the two solutions to this quadratic equation: 

U = 8.453 s; t 2 = 31.547 s 

Now we must find which of these two times gives the minimum power by 
substituting each of these values for t into the equation for p(t): 

p(t i) = (8.453 - 0.025(8.453) 2 )(4- 0.2-8.453) = 15.396 W 

p(t 2 ) = (31.547 - 0.025(31.547) 2 )(4- 0.2- 31.547) = -15.396 W 

Therefore, maximum power is being delivered at t — 8.453 s. 

[b] The maximum power was calculated in part (a) to determine the time at which 

the power is maximum: p max = 15.396 W (delivered) 

[c] As we saw in part (a), the other “maximum” power is actually a minimum, or 

the maximum negative power. As we calculated in part (a), maximum power is 
being extracted at t — 31.547 s. 

[d] This maximum extracted power was calculated in part (a) to determine the time 

at which power is maximum: p maxext = 15.396 W (extracted) 

[e] w = f pdx = [\ax - 0.3a; 2 + 0.005a; 3 )da; = 2t 2 - O.lt 3 + 0.00125t 4 

Jo Jo 

w{0) = OJ w( 30) = 112.50 J 

w(10) = 112.50 J w(40) = 0J 

w(20) = 200 J 

To give you a feel for the quantities of voltage, current, power, and energy and 
their relationships among one another, they are plotted below: 
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wvttqge 



current 

J 

T 

<t . 


0 

. 


J. 

4 . 


1 

4 n . 


w U ' 

0 10 30 4 

”1 


-* * 

o . 


-o 


— t 








Problems 1-15 


P 1.25 


P 1.26 


vi = (8 x 10 4 te _500t ) (15te _50W ) = 12 x 10 5 t 2 e- looot W 
12 x 10 5 [t 2 (— 1000 )e _lot)(M + e - 100 W ( 2 1)\ 

12 x 10 5 e _loocw [t (2 - lOOOt)] 

0 at t = 0 , t — 2 ms 

We know p is a minimum at t = 0 since v and i are zero at t = 0. 

[b] p max = 12 x 10 5 (2 x 10" 3 ) 2 e - 2 = 649.61 mW 

poo 

[c] w = 12 x 10 5 / t 2 e- W00t dt 

r e - woot. 

= 12 x 105 ( ( _ 100 0)3 1106 ‘ 2 + 2 ’ 000t + 21 

We use the passive sign convention to determine whether the power equation is 
p = vi or p = —vi and substitute into the power equation the values for v and i, as 
shown below: 

Pa = —n a *a = —(—18)(—51) = -918W 

Pb = ^ b * b = (—18) (45) = —810 W 
p c = v c i c — (2) (—6) = —12 W 
Pd = —n d i d = -(20) (-20) = 400 W 
Pe = —v e i e = —(16)(—14) = 224 W 
p f = vfif = (36) (31) = 1116 W 

Remember that if the power is positive, the circuit element is absorbing power, 
whereas is the power is negative, the circuit element is developing power. We can 
add the positive powers together and the negative powers together — if the power 
balances, these power sums should be equal: 

]TP d ev = 918 + 810 + 12 = 1740 W; 
abs = 400 + 224 + 1116 = 1740 W 

Thus, the power balances and the total power developed in the circuit is 1740 W. 


= 2400 /jJ 


[a] p = 

dp 

dt 

dp 

dt 
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P 1.27 [a] From the diagram and the table we have 

Pa = -vj a = -(900)(-22.5) = 20,250 W 

p h = - Vh i h = —(105)(—52.5) = 5512.5 W 

p c = - Vc i c = -(-600)(-30) = -18,000 W 

p d = Vd i d = (585) (-52.5) = -30,712.5 W 

p e = - Ve i e = -(-120)(30) = 3600 W 

Pi = vfif = (300)(60) = 18,000 W 

p g = - Vg i g = -(585)(82.5) = -48,262.5 W 

Ph = -tv'h = —(—165)(82.5) = 13,612.5 W 

^Pdei = 18,000 + 30,712.5 + 48,262.5 = 96,975 W 

^P abs = 20,250 + 5512.5 + 3600 + 18,000 + 13,612.5 = 60,975 W 
Therefore, ^P,] e i ^ ^P a b s and the subordinate engineer is correct. 

[b] The difference between the power delivered to the circuit and the power 
absorbed by the circuit is 

96,975 - 60,975 = 36,000 

One-half of this difference is 18,000W, so it is likely that p c or pi is in error. 

Either the voltage or the current probably has the wrong sign. (In Chapter 2, 
we will discover that using KCL at the top node, the current i c should be 30 A, 
not —30 A!) If the sign of p c is changed from negative to positive, we can 
recalculate the power delivered and the power absorbed as follows: 

^Pdei = 30,712.5 + 48,262.5 = 78,975 W 

^P abs = 20,250 + 5512.5 + 18,000 + 3600 + 18,000 + 13,612.5 = 78,975 W 
Now the power delivered equals the power absorbed and the power balances 
for the circuit. 


P1.28 p a 

Pb 

Pc 

Pd 

Pe 

Pi 

Pg 

Ph 


VaC = (9)(1.8) = 16.2 W 
-v h ib = —(—15)(1.5) = 22.5 W 
—v c i c = —(45)(—0.3) = 13.5 W 
-v d id = —(54)(—2.7) = 145.8 W 
v e i e = (-30)(-1) = 30 W 
-v f i f = -(-240)(4) = 960 W 
-v g i g = —(294)(4.5) = -1323 W 
v h i h = (-270) (-0.5) = 135 W 
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P 1.29 


P 1.30 


Therefore, 

5]P abs = 16.2 + 22.5 + 13.5 + 145.8 + 3 - +960 + 135 = 1323 W 
]TP del = 1323 W 

y.Pabs = y^Pdel 

Thus, the interconnection satisfies the power check 

Pa = Va,i a = ( —160)( —10) = 1600 W 
p b = v h i h = (-100) (-20) = 2000 W 
p c = - Vc i c = -(-60)(6) = 360 W 
p d = Vd i d = (800) (-50) = -40,000 W 
p e = -v e i e = —(800)(—20) = 16,000 W 
Pi = -Viif = -(-700)(14) = 9800 W 
P s = ~v g i g = —(640)(—16) = 10,240 W 
]TP del = 40,000 W 

£P abs = 1600 + 2000 + 360 + 16,000 + 9800 + 10,000 = 40,000 W 
Therefore, ]TP de i = ]TP abs = 40,000 W 

[a] From an examination of reference polarities, the following elements employ the 

passive convention: a, c, e, and /. 

[b] p a = -56 W 
p h = -14 W 
p c = 150 W 
p d = -50 W 
p e = -18 W 
p { = -12 W 

]TP abs = 150 W; ^P de i = 56 + 14 + 50 + 18 + 12 = 150 W. 
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Assessment Problems 


AP 2.1 



8A 


[a] To find v g write a KVL equation clockwise around the left loop, starting below 
the dependent source: 


ib 

4 


+ V 9 


= 0 


so 


V 9 = 


ib 

4 


To find % write a KCL equation at the upper right node. Sum the currents 
leaving the node: 


i b + 8A = 0 so i b = — 8 A 


Thus, 



[b] To find the power associated with the 8 A source, we need to find the voltage 
drop across the source, v t . To do this, write a KVL equation clockwise around 
the left loop, starting below the voltage source: 

— Vg + Vi = 0 SO Vi = Vg = —2 V 

Using the passive sign convention, 

p s = (8 A )( Vi ) = (8 A)(—2 V) = -16 W 

Thus the current source generated 16 W of power. 


2-1 
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AP2.2 


15A 



[a] Note from the circuit that v x = —25 V. To find a write a KCL equation at the 
top left node, summing the currents leaving: 

15 A + av x = 0 

Substituting for v x , 

15 A + cc(—25 V) = 0 so a(25V) = 15 A 
15 A 

Thus a = — — = 0.6 A/V 

[b] To find the power associated with the voltage source we need to know the 
current, i v . To find this current, write a KCL equation at the top left node, 
summing the currents leaving the node: 

— av x + i v = 0 so i v — av x = (0.6)(—25) = —15 A 

Using the passive sign convention, 

p s = —(*„)( 25 V) = —(—15 A) (25 V) = 375W. 

TllUS the conrfp rliccir^Qt^c W 



[a] A KVL equation gives 


-Vg + V R = 0 


SO 


VR = v„ = l kV 


J g i v w U K — u g 

Note from the circuit that the current through the resistor is i g = 5 mA. Use 
Ohm’s law to calculate the value of the resistor: 
lkV 


R=^ = 


i g 5 mA 


= 200 kU 


Using the passive sign convention to calculate the power in the resistor, 
Pr = (v R )(i g ) = (lkV)(5mA) = 5W 
The resistor is dissipating 5 W of power. 
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[b] Note from part (a) the vr = v g and %r = i g . The power delivered by the source 
is thus 

Psource ( 3 W) 

Psource = ~Vglg SO V g = -:- =-—-— = 40 V 

y y ig 75 mA 

Since we now have the value of both the voltage and the current for the 
resistor, we can use Ohm’s law to calculate the resistor value: 


R = 


40 V 
75 mA 


533.33 0 


The power absorbed by the resistor must equal the power generated by the 
source. Thus, 


PR = -Psource = -(-3W)=3W 

[c] Again, note the i R — i g . The power dissipated by the resistor can be determined 
from the resistor’s current: 

Pr = R{1r) 2 = R(i g ) 2 

Solving for i g , 

i 2 g = ^ = =0.0016 so i g = V0.0016 = 0.04 A = 40 mA 

Then, since v R = v g 

vr = Ri R = Ri g = (300 Q) (40 mA) = 12 V so v g = 12 V 


AP 2.4 



[a] Note from the circuit that the current throught the conductance G is i g , flowing 
from top to bottom (from KCL), and the voltage drop across the current source 
is v g , positive at the top (from KVL). From a version of Ohm’s law, 


_ ig _ 0.5 A 
’ 9 ~G~ 50mS 


10V 


Now that we know the voltage drop across the current source, we can find the 
power delivered by this source: 


Psource ^ g i g = —(10)(0.5) = —5 W 


Thus the current source delivers 5 W to the circuit. 
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[b] We can find the value of the conductance using the power, and the value of the 
current using Ohm’s law and the conductance value: 

p q = Gv 2 so G = -f = —= 0.04 S = 40 mS 

y v 2 15 2 

ig = Gv g = (40 mS)(15 V) = 0.6 A 


[c] We can find the voltage from the power and the conductance, and then use the 
voltage value in Ohm’s law to find the current: 


Pg 



so 



8 W 
200 pS 


40,000 


Thus v g = ^40,000 = 200 V 

ig = Gv g = (200 pS) (200 V) = 0.04 A = 40 mA 


AP 2.5 [a] Redraw the circuit with all of the voltages and currents labeled for every circuit 

element. 


24 V© 

1 


3Q 

-Wt- 


''■'lc 


i7Q 


v i - 
-Wt- 

2Q 


Write a KVL equation clockwise around the circuit, starting below the voltage 
source: 

—24 V + V 2 + V 5 — V] — 0 

Next, use Ohm’s law to calculate the three unknown voltages from the three 
currents: 

v 2 = 3 * 2 ; v 5 = 7 i 5 ; v r = 2i x 

A KCL equation at the upper right node gives i 2 — i$', a KCL equation at the 
bottom right node gives i 5 = —ip, a KCL equation at the upper left node gives 
i s = —i 2 . Now replace the currents i | and i 2 in the Ohm’s law equations with 

fid 

v 2 = 3 i 2 = 3 i 5 ; v 5 = 7 i 5 ; Vi = 2ii = -2 i 5 

Now substitute these expressions for the three voltages into the first equation: 

24 = v 2 +— V\ = 3*5 + 7*5 — (— 2 * 5 ) = 12*5 
Therefore * 5 = 24/12 = 2 A 
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[b] Vi = -2*5 = - 2 ( 2 ) = -4V 

[c] V 2 = 3*5 = 3(2) = 6 V 

[d] v 5 = 7i s = 7(2) = 14 V 

[e] A KCL equation at the lower left node gives i s = i\. Since i\ = — * 5 , i s = —2 A. 

We can now compute the power associated with the voltage source: 

P 2 A = (24)i s = (24) (—2) = —48W 

Therefore 24 V source is delivering 48 W. 

AP 2.6 Redraw the circuit labeling all voltages and currents: 



We can find the value of the unknown resistor if we can find the value of its voltage 
and its current. To start, write a KVL equation clockwise around the right loop, 
starting below the 24 Q resistor: 

-120 V + v 3 = 0 

Use Ohm’s law to calculate the voltage across the 8 0 resistor in terms of its current: 

V-i = 8 *3 


Substitute the expression for v 3 into the first equation: 

— 120 V + 8*3 = 0 so *3 = —= 15 A 

8 


Also use Ohm’s law to calculate the value of the current through the 24 0 resistor: 


12 = 


120 V 
24 Q 


5 A 


Now write a KCL equation at the top middle node, summing the currents leaving: 

—i i + 12 + U = 0 so i\ = *2 + *3 = 5 + 15 = 20 A 


Write a KVL equation clockwise around the left loop, starting below the voltage 
source: 


—200 V + ui + 120 V = 0 


so 


Vi = 200 - 120 = 80 V 
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AP 2.7 


Now that we know the values of both the voltage and the current for the unknown 
resistor, we can use Ohm’s law to calculate the resistance: 



Note that when i t — 0, v t — 25 V; therefore the voltage source must be 25 V. 
Since the plot is a straight line, its slope can be used to calculate the value of 
resistance: 

25 - 0 25 


R=^ = 
Ax 


0.25 - 0 0.25 


= 100 n 


A circuit model having the same v — i characteristic is a 25 V source in series 
with a 1000 re: 100 Q 



[b] Draw the circuit 


25 V 


100 Q 



resistor: 


To find the power delivered to the 25 Q resistor we must calculate the current 
through the 25 resistor. Do this by first using KCL to recognize that the 
current in each of the components is i t , flowing in a clockwise direction. Write 
a KVL equation in the clockwise direction, starting below the voltage source, 
and using Ohm’s law to express the voltage drop across the resistors in the 
direction of the current i t flowing through the resistors: 

—25 V + 10Ck t + 25i t = 0 so 125i t = 25 so i t = — =0.2 A 

125 

Thus, the power delivered to the 25 Q resistor is 

p 2 5 = (25)ij = (25)(0.2) 2 = 1W. 
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AP 2.8 


[a] From the graph in Assessment Problem 2.7(a), we see that when v t = 0, 

i t = 0.25 A. Therefore the current source must be 0.25 A. Since the plot is a 
straight line, its slope can be used to calculate the value of resistance: 


Ay _ 25-0 
A i ~ 0.25-0 


25 

025 


ioo n 


A circuit model having the same v — i characteristic is a 0.25 A current source 
in parallel with a 10012 resistor, as shown below: 


0.25 A 




+ 

V t 


[b] Draw the circuit model from part (a) and attach a 2512 resistor: 


0.25 A 


Note that by writing a KVL equation around the right loop we see that the 
voltage drop across both resistors is v t . Write a KCL equation at the top center 
node, summing the currents leaving the node. Use Ohm’s law to specify the 
currents through the resistors in terms of the voltage drop across the resistors 
and the value of the resistors. 

-°.25 + ^ + |: = °, SO 5v t = 25, thus v t = 5V 

V ? 

te = i = lw - 

AP 2.9 First note that we know the current through all elements in the circuit except the 6 
kf2 resistor (the current in the three elements to the left of the 6 kf2 resistor is i\, the 
current in the three elements to the right of the 6 kf2 resistor is 30/’i). To find the 
current in the 6 kf2 resistor, write a KCL equation at the top node: 



?'i + 30A = igk = 31ii 


We can then use Ohm’s law to find the voltages across each resistor in terms of i\. 
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The results are shown in the figure below: 



[a] To find ii, write a KVL equation around the left-hand loop, summing voltages in 
a clockwise direction starting below the 5V source: 

-5 V + 54,000ii - 1V + 186,000*i = 0 

Solving for i\ 

54,000*! + 189,000*i = 6 V so 240,000* i = 6V 


Thus, 

• _ 6 
?1 “ 240,000 


25/*A 


[b] Now that we have the value of *i, we can calculate the voltage for each 

component except the dependent source. Then we can write a KVL equation 
for the right-hand loop to find the voltage v of the dependent source. Sum the 
voltages in the clockwise direction, starting to the left of the dependent source: 


+v - 54,000?;i + 8 V - 186,000*1 = 0 


Thus, 

v = 240,000*i - 8 V = 240,000(25 x 10" 6 ) - 8V = 6V-8V = -2V 

We now know the values of voltage and current for every circuit element. Let’s 
construct a power table: 
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Element 

Current 

Voltage 

Power 

Power 


(M) 

(V) 

Equation 

(//W) 

5 V 

25 

5 

p = —vi 

-125 

54 kfl 

25 

1.35 

p = Ri 2 

33.75 

IV 

25 

1 

p = —vi 

-25 

6kf! 

775 

4.65 

p = Ri 2 

3603.75 

Dep. source 

750 

-2 

p = —vi 

1500 

1.8 kf! 

750 

1.35 

p = Ri 2 

1012.5 

8 V 

750 

8 

p = —vi 

-6000 


[c] The total power generated in the circuit is the sum of the negative power values 

in the power table: 

-125 /iW + -25 /iW + -6000 /jW = -6150 /jW 
Thus, the total power generated in the circuit is 6150 /iW. 

[d] The total power absorbed in the circuit is the sum of the positive power values in 

the power table: 

33.75 /jW + 3603.75 pW + 1500 //W + 1012.5 /iW = 6150 //W 
Thus, the total power absorbed in the circuit is 6150 ^W. 

AP 2.10 Given that = 2 A, we know the current in the dependent source is 2i 0 = 4 A. We 
can write a KCL equation at the left node to find the current in the 10 Q resistor. 
Summing the currents leaving the node, 

—5A + 2A + 4A + Aon — 0 so Aon — 5 A — 2A — 4A = —1A 

Thus, the current in the 10 fl resistor is 1 A, flowing right to left, as seen in the 
circuit below. 
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[a] To find v s , write a KVL equation, summing the voltages counter-clockwise 

around the lower right loop. Start below the voltage source. 

-v a + (lA)(10ft) + (2 A) (30 ft) = 0 so v s = 10 V + 60 V = 70 V 

[b] The current in the voltage source can be found by writing a KCL equation at the 

right-hand node. Sum the currents leaving the node 

—4 A + lA + 2„ = 0 so x v — 4 A — 1A = 3 A 

The current in the voltage source is 3 A, flowing top to bottom. The power 
associated with this source is 

p = vi = (70 V)(3 A) = 210 W 

Thus, 210 W are absorbed by the voltage source. 

[c] The voltage drop across the independent current source can be found by writing 

a KVL equation around the left loop in a clockwise direction: 

— v 5 a + (2 A) (30 O) = 0 so v 5 a = 60 V 

The power associated with this source is 

p = -v 5A i = -(60 V) (5 A) = -300 W 

This source thus delivers 300 W of power to the circuit. 

[d] The voltage across the controlled current source can be found by writing a KVL 

equation around the upper right loop in a clockwise direction: 

+V4A + (I0ft)(l A) = 0 SO V4A = —10 V 

The power associated with this source is 

p = v 4A i = (—10 V)(4A) = -40 W 

This source thus delivers 40 W of power to the circuit. 

[e] The total power dissipated by the resistors is given by 

(i 3 oo) 2 (30ft) + (i 10 o) 2 (10ft) = (2) 2 (30 ft) + (l) 2 (10ft) = 120 + 10 = 130 W 
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Problems 


R bb R x 


R y R ™ 


P 2.2 


R 9 1 

R 

,_ Ah 

32 

A, 

vvv v\ 

/V 


Vbb = no-load voltage of battery 

R b b = internal resistance of battery 

R x = resistance of wire between battery and switch 

R y = resistance of wire between switch and lamp A 

R a = resistance of lamp A 

R h = resistance of lamp B 

R w = resistance of wire between lamp A and lamp B 
R g i = resistance of frame between battery and lamp A 
Rg 2 = resistance of frame between lamp A and lamp B 
S = switch 

Since we know the device is a resistor, we can use Ohm’s law to calculate the 
resistance. From Fig. P2.2(a), 


v = Ri 


so R = - 


Using the values in the table of Fig. P2.2(b), 

-160 -80 80 160 240 

it — — — — — — 8kS _ 

-0.02 -0.01 0.01 0.02 0.03 

The resistor value is the ratio of the power to the square of the current: 

500 2000 4500 8000 12,500 18,000 _ ^ 

-= -77- = -— = -—“ = --— = --- = 500 i l 


P 2.4 Since we know the device is a resistor, we can use the power equation. From Fig. 
P2.4(a), 


p = vi = 


so R = 


1 R p 

Using the values in the table of Fig. P2.4(b) 

/?= M) 2 = M) 2 = (4) 2 = (8) 2 = (12) 2 = (16) 2 = 

3.2 0.8 0.8 3.2 7.2 12.8 
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P 2.5 [a] Yes, independent voltage sources can carry whatever current is required by the 

connection; independent current source can support any voltage required by 
the connection. 

[b] 18 V source: absorbing 

5 mA source: delivering 
7 V source: absorbing 


[c] Pi 8V = (5 x 10~ 3 )(18) = 90 mW (abs) 

P 5mA = —(5 x 10~ 3 )(25) = —125 mW (del) 

P 7V = (5 x 10~ 3 )(7) = 35 mW (abs) 

E p abs = E p dci = 125 mW 

[d] Yes; 18 V source is delivering, the 5 mA source is absorbing, and the 7 V source 

is absorbing 

P 18V = —(5 x 10 _3 )(18) = —90 mW (del) 

PsmA = (5 x 10” 3 )(11) = 55 mW (abs) 

P 7V = (5 x 10” 3 )(7) = 35 mW (abs) 

E P abs = E P dei = 90mW 


P 2.6 


60V 



100V 


Write the two KCL equations, summing the currents leaving the node: 

KCL, top node: 25A - 20A - 5A = 0A 

KCL, bottom node: — 25A + 20A + 5A = 0A 

Write the three KVL equations, summing the voltages in a clockwise direction: 
KVL, left loop: — v 2 ~, + v 2 o = 0 


KVL, right loop: 60V — 100V — v 5 — v 20 = 0 
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KVL, outer loop: 60V — 100V — v 5 — V 25 = 0 

Note that since v 5 , v 2 o, and v 25 are not specified, we can choose values that satisfy 
the equations. For example, let v 5 = —80V, v 20 = 40V, and v 25 = 40V. There are 
many other voltage values that will satisfy the equations, too. 

Thus, the interconnection is valid because it does not violate Kirchhoff’s laws. We 
can now calculate the power developed by the two voltage sources: 

Pv—sources = £>60 + £>100 = -(60) (5) + (100) (5) = 200 W. 

Since the power is positive, the sources are absorbing 200 W of power, or 
developing —200 W of power. 


P 2.7 


16V 10V 



Write the two KCL equations, summing the currents leaving the node: 

KCL, top node: — 30A — i 8 + 10A = 0A 

KCL, bottom node: 30A + i 8 — 10A = 0A 

Note that the value i 8 = —20A satisfies these two equations. 

Write the three KVL equations, summing the voltages in a clockwise direction: 

KVL, left loop: - v 30 - 16V + 8V = 0 

KVL, right loop: - 10V + v 10 - 8V = 0 

KVL, outer loop: — 16V — 10V + t’i 0 — v 30 = 0 

Note that r> 30 = —8V and v\o = 18V satisfy the three KVL equations. 

The interconnection is valid, since neither of Kirchhoff’s laws is violated. We use 
the values of i 8 , v 30 and v 1 0 stated above to calculate the power associated with each 
source: 


£>3qa = — (30)(—8) = 240 W 


Piev = -(30) (16) = -480 W 
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p 8V = —(—20)(8) = 160 W piov = -(10)(10) = -100 W 

Pm a = (10)(18) = 180W 

E P abs = E P del = 580 W 

Power developed by the current sources: 

Pi— sources — P 30 A + Pioa — 240 + 180 — 420 W 

Since power is positive, the sources are absorbing 420 W of power, or developing 
—420 W of power. 

P 2.8 The interconnect is valid since it does not violate Kirchhoff’s laws. 


10 v 



-10 + 40 + Vsa — 50 = 0 so v 5A = 20 V (KVL) 

15 4" 5 4" ^ 5 ov = 0 so ^ 50 V = —20 A (KCL) 

Pi 5 A = -(15) (50) = -750 W p 5 ov = (20) (50) = 1000 W 

p 5A = —(5)(20) = -100W p 10V = (5)(10) = 50 W 

P 4 ov = -(5) (40) = -200 W 

E^dev = E P abs = 1050W 

P 2.9 First there is no violation of Kirchhoff’s laws, hence the interconnection is valid. 

Kirchhoff’s voltage law requires 

—20 + 60 4- V\ — V 2 — 0 so V\ — V 2 = —40 V 

The conservation of energy law requires 

-(5 x 10" 3 )u 2 - (15 x 10" 3 )u 2 - (20 x 10" 3 )(20) + (20 x 10" 3 )(60) + (20 x lO' 3 )^ = 0 

or 

Vi — v-2 = —40 V 

Hence any combination of v\ and v 2 such that V\ — v 2 = —40 V is a valid solution. 
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The interconnection is invalid because KCL is violated at the right-hand node. 
Summing the currents leaving, 

— (—5A) - 3A + 8A = 10A ^ 0 

Note that KCL is also violated at the left-hand node. 

P2.ll 



Write the two KCL equations, summing the currents leaving the node: 

KCL, top node: 75A - 5v A - 25A = OA 

KCL, bottom node: — 75A + 5v A + 25A = OA 
To satisfy KCL, note that v A = 10 V. 

Write the three KVL equations, summing the voltages in a clockwise direction: 
KVL, left loop: - v 75 - 50V + v dep - 20V = 0 
KVL, right loop: 20V — u dep + v A — 0 


KVL, outer loop: — v 75 — 50V + v A — 0 
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Substitute the value va = 10 V into the second KVL equation and find -u dep = 30 V. 
Substitute the value va = 10 V into the third equation and find /' 75 = —40 V. These 
values satisfy the first equation. 

Thus, the interconnection is valid because it does not violate Kirchhoff’s laws. 

Use the values for va, V75, and v dep above to calculate the total power developed in 
the circuit: 

p 5 ov = (75) (50) = 3750 W p 75A = (75) (-40) = -3000 W 

p 20V = [5(10)](20) = 1000 W p ds = —(50)(30) = -1500W 

P25A = — (25)(10) = — 250W 
E p dev = 3750 + 1000 = 4750 W = E^abs 

P 2.12 [a] Yes, Kirchhoff’s laws are not violated. (Note that 1a = —8 A.) 

[b] No, because the voltages across the independent and dependent current sources 
are indeterminate. For example, define V\, v 2 , and v 3 as shown: 



Kirchhoff’s voltage law requires 

Vi + 20 = v 3 
v 2 + 100 = v 3 

Conservation of energy requires 

-8(20) - 8t>, - 16 u 2 - 16(100) + 24n 3 = 0 

or 

V\ + 2v 2 — Sv 3 = —220 

Now arbitrarily select a value of v 3 and show the conservation of energy will 
be satisfied. Examples: 

If v 3 = 200 V then Vl = 180 V and v 2 = 100 V. Then 
180 + 200 - 600 = -220 (CHECKS) 

If u 3 = -100 V, then v l = -120 V and v 2 = -200 V. Then 
-120 - 400 + 300 = -220 (CHECKS) 
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P 2.13 First, 10v a = 5 V, so v a = 0.5 V 

KVL for the outer loop: 5 — 20 + v 9A = 0 so v 9A = 15 V 
KVL for the right loop: 5 — 0.5 + v g — 0 so v g = —4.5 V 
KCL at the top node: 9 + 6 + i ds = 9 so i ds = —15 A 
Thus, 


p 9A = -(9)(15) = -135W 


P20V = (9) (20) = 180 W 


Pv g = —(6)(—4.5) = 27 W p 6A = (6)(0.5) = 3W 

p ds = -(15)(5) = —75 W 

E p d ev = E p abs = 210W 


P 2.14 



75Q 


[a] Write a KVL equation clockwise aroud the right loop, starting below the 300 0 
resistor: 

-v a + v b = -0 so v a = v b 

Using Ohm’s law, 

v a = 300i a and v b = 75 i b 

Substituting, 

300i a = 75 i b so i b = 4 i a 

Write a KCL equation at the top middle node, summing the currents leaving: 

—i g + i a + ib = 0 so i g = i a + i b = i a + 4i a = 5 i a 

Write a KVL equation clockwise around the left loop, starting below the 
voltage source: 

—200 V + v 40 + v a = 0 

From Ohm’s law, 

V40 = 40 i g 


and v a = 300i a 
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Substituting, 

-200 V + 40 i g + 300i a = 0 

Subsituting for i g : 

-200 V + 40(54) + 3004 = -200 V + 2004 + 3004 = -200 V + 5004 = 0 


Thus, 


5004 = 200 V so 


200V 

i a =-= 0.4 A 

500 


[b] From part (a), 4 = 44 = 4(0.4 A) = 1.6 A. 

[c] From the circuit, v Q = 75 0(4) = 75 0(1.6 A) = 120 V. 

[d] Use the formula [>n = Ri\ to calculate the power absorbed by each resistor: 

Pim = i 2 g( 400) = (54) 2 (40U) = [5(0.4)] 2 (40 O) = (2) 2 (40O) = 160 W 
Psooo = ia(300U) = (0.4) 2 (300 Q) = 48 W 

Pzso = ib(75U) = (44) 2 (75 ff) = [4(0.4)] 2 (75 Q) = (1.6) 2 (75U) = 192 W 

[e] Using the passive sign convention, 

p source = —(200 V)4 = —(200 V)(54) = -(200 V) [5(0.4 A)] 

= -(200 V) (2 A) = -400 W 

Thus the voltage source delivers 400 W of power to the circuit. Check: 

P dis = 160 + 48 + 192 = 400 W 

^P de i = 400W 


P 2.15 [a] v 0 = 84 + 144 + 184 = 40(20) = 800 V 

800 = 104 
4 = 800/10 = 80 A 

[b] 4 = 4 + 4 = 20 + 80 = 100 A 

[c] (delivered) = (100) (800) = 80,000 W = 80 kW 
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P 2.16 



9 0q 


[a] Write a KVL equation clockwise around the right loop: 

-t’60 + V 30 + V 90 = 0 

From Ohm’s law, 

v 60 = (600) (4 A) = 240 V, n 30 = 30i o , v 90 = 90i o 

Substituting, 

—240 V + 30i o + 90i o = 0 so 120i o = 240 V 
240 V 

Thus i Q = -= 2 A 

120 

Now write a KCL equatiohn at the top middle node, summing the currents 
leaving: 

—%g 4A 4“ % Q — 0 so %g — 4A + 2 A — 6A 

[b] Write a KVL equation clockwise around the left loop: 

—v 0 + v m = 0 so v a = v 60 = 240 V 

[c] Calculate power using p = vi for the source and p = Hi 2 for the resistors: 

Psource = ~v 0 i g = -(240 V) (6 A) = —1440 W 

Peon = 4 2 (60) = 960W 

Psoo = 30^ = (30)2 2 = 120 W 

P 90 O = 90^ = (90)2 2 = 360W 

P dev = 1440 W 5]Pabs = 960 + 120 + 360 = 1440 W 
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P 2.17 [a] 



i- 2 = 2(20) = 40 V 
vsn = 80 — 40 = 40 V 

1 2 = 40 V/8S2 = 5 A 

1 3 = i Q — i 2 = 2 — 5 = — 3 A 
Ain = ( — 3)(4) = —12 V 

t-i = 4i 3 + v-2 = —12 + 40 = 28 V 
ii = 28 V/4S7 = 7 A 

[b] = i\ + i 3 = 7 — 3 = 4 A 
pi 3n = 4 2 (13) = 208 W 

Pm = (5) 2 (8) = 200 W 
Pm = 7 2 (4) = 196 W 
p 4 n = (-3) 2 (4)=36W 

p 20 n = 2 2 (20) = 80 W 

[c] E Pdis = 208 + 200 + 196 + 36 + 80 = 720 W 


ig — 24 + 22 — 4 + 5 — 9 A 
P dev = (9) (80) = 720 W 
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P 2.18 [a] 



v 0 = 20(8) + 16(15) = 400 V 
i 0 = 400/80 = 5 A 
i a = 25 A 

P 230 (supplied) = (230) (25) = 5750 W 

i h = 5 + 15 = 20 A 

P 260 (supplied) = (260) (20) = 5200 W 


[b] = (25) 2 (2) + (20) 2 (8) + (5) 2 (4) + (15) 2 16 + (20) 2 2 + (5) 2 (80) 

= 1250 + 3200 + 100 + 3600 + 800 + 2000 = 10,950 W 

£P sup = 5750 + 5200 = 10,950 W 
Therefore, ]TP dis = ^P sup = 10,950 W 


P 2.19 [a] 



15Q 16Q 


v 2 = 100 + 4(15) = 160 V; v Y = 160 - 30(2) = 100 V 
Vi 100 

ii = — = - = 5A; i 3 = i 1 -2 = 5-2 = 3A 

20 20 
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v g = Vi + 30* 3 = 100 + 30(3) = 190 V 

v g — 5*4 = t >2 so 5*4 = v g — Vi = 190 — 160 = 30 V 

Thus *4 = — = 6 A 
5 

*g = *3 ~t~ *4 = 3 -t~ 6 = 9 A 

[b] Calculate power using the formula p = Ri 2 : 

p 9 n = (9)(2 ) 2 = 36 W; p nn = (H)(2 ) 2 = 44W 

Pwn = (10)(2 ) 2 = 40 W; p 3on = (30)(3) 2 = 270W 

Pb n = (5)(6 ) 2 = 180 W; p 4n = (4)(5 ) 2 = 100W 

Pirn = (16)(5) 2 = 400 W; p 15n = (15)(4) 2 = 240W 

[c] v g = 190 V 

[d] Sum the power dissipated by the resistors: 

5>diss = 36 + 44 + 40 + 270 + 180 + 100 + 400 + 240 = 1310 W 
The power associated with the sources is 

Pvolt—source = (100 V) (4 A) = 400 W 

Pcurr—source = ~V g ig = - (190 V) (9 A) = -1710 W 

Thus the total power dissipated is 1310 + 400 = 1710 W and the total power 
developed is 1710 W, so the power balances. 

P 2.20 [a] Plot tl 

150 

£ 100 
* 50 

0 

0 3 6 9 12 15 

it (A) 



From the plot: 

_ Av _ (125 - 50) 
“A i~ (15-0) 


5 0 


When i t = 0, v t = 50 V; therefore the ideal current source has a current of 10 A 
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10 + i t = i] and 5*i = —20i* 
Therefore, 10 + i t = —4 i t so i t = —2 A 


P 2.21 [a] Plot the v—i characteristic: 



From the plot: 

An _ 130 - (-30) 
“A i~ 8^0 


20 fl 


When i t = 0, v t = —30 V; therefore the ideal voltage source has a voltage of 
—30 V. Thus the device can be modeled as a —30 V source in series with a 
20 f! resistor, as shown below: 
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[b] We attach a 40 0 resistor to the device model developed in part (a): 

-3 

Write a KVL equation clockwise around the circuit, using Ohm’s law to 
express the voltage drop across the resistors in terms of the current i t through 
the resistors: 

-(-30 V) - 20 i t - 40 i t = 0 so - 60 i t = -30 V 

Thus i t = 3 )? V = +0.5 A 

—60 

Now calculate the power dissipated by the resistor: 

P4oo = 40^ 2 = (40)(0.5) 2 = 10W 



P 2.22 [a] 



vs(V) 


[b] An = 50V; Ai = 5mA; R= — = = lOkO 

Ai 5mA 
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10,000?'i = 2500i s so i\ = 0.25i s 
0.02 = ii + i s = 0.25 i s + i s = 1.25 i s 

Thus, i s = = 0.016 A = 16 mA 

1.25 

[d] Predicted open circuit voltage: 

v oc = Vs = (0.02) (10,000) = 200 V 

[e] From the table, the actual open circuit voltage is 140 V. 

[f] This is a practical current source and is not a linear device. 

P 2.23 [a] Begin 

25 
20 

£ 15 
£ 10 
5 
0 

0 8 16 24 32 40 48 

is (A) 



[b] Since the plot is linear for 0 < i s < 24 A amd since R = Av/Ai, we can 
calculate R from the plotted values as follows: 


Av _ 24 - 18 _ 6 
A i ~ 24-0 ~~ 24 


0.25 fl 


We can determine the value of the ideal voltage source by considering the 
value of v s when z s = 0. When there is no current, there is no voltage drop 
across the resistor, so all of the voltage drop at the output is due to the voltage 
source. Thus the value of the voltage source must be 24 V. The model, valid 

for 0 < i s < 2^ n.25 Q 


24 V 


+ 





2-26 CHAPTER 2. Circuit Elements 


[c] The circuit is shown below: 



Write a KVL equation in the clockwise direction, starting below the voltage 
source. Use Ohm’s law to express the voltage drop across the resistors in terms 
of the current i: 


-24 V + 0.25i + li = 0 so 1.25* = 24 V 


Thus, 


24 V 
1.25 0 


19.2 A 


[d] The circuit is shown below: 


0.25 Q 

pWv 

24 v Q^) 



Write a KVL equation in the clockwise direction, starting below the voltage 
source. Use Ohm’s law to express the voltage drop across the resistors in terms 
of the current i: 


-24 V+ 0.25 i 
Thus, i = 


= 0 

24 V 
0.25 0 


so 

= 96 A 


0.25i 


24 V 


[e] The short circuit current can be found in the table of values (or from the plot) as 
the value of the current i s when the voltage v s = 0. Thus, 

i sc = 48 A (from table) 


ffl The plot of voltage versus current constructed in part (a) is not linear (it is 

piecewise linear, but not linear for all values of i s ). Since the proposed circuit 
model is a linear model, it cannot be used to predict the nonlinear behavior 
exhibited by the plotted data. 
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P 2.24 


P 2.25 



Vah = 240 — 180 = 60 V; therefore, i e = 60/15 = 4 A 
i c = i e — 1 = 4 — 1 = 3 A; therefore, Vb c = 10i c = 30 V 
v cd = 180 - v hc = 180 - 30 = 150 V; 

therefore, i d = v cd / (12 + 18) = 150/30 = 5 A 
*b-»d _ * c -5-3 = 2A 
Vac = Vab + Vbc = 60 + 30 = 90 V 
R = Vac/ib = 90/2 = 45 ft 

CHECK: * 9 = i b + i e = 2 + 4 = 6A 
p dev = (240) (6) = 1440 W 

^P dis = 1(180) + 4(45) + 9(10) + 25(12) + 25(18) + 16(15) = 1440 W (CHECKS) 



i b = 60V/30H = 2 A 
v a = (30 + 60) (2) = 180 V 

—500 + v a + Vb = 0 so v b = 500 — v a = 500 — 180 = 320 V 

i e = v b /{60 + 36) = 320/96 = (10/3) A 

i d = ie-i b = ( 10/3)- 2 = (4/3) A 

v c = 30 id + v b = 40 + 320 = 360 V 

i c = v c / 180 = 360/180 = 2 A 

v d = 500 -v c = 500 - 360 = 140 V 

i a = id + i c — 4/3 + 2 = (10/3) A 

R = v d /i a = 140/(10/3) = 42 H 

[b] i g = i a + i b = (10/3) + 2 = (16/3) A 

p g (supplied) = (500)(16/3) = 2666.67 W 
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P2.26 


[a] Start with the 22.512 resistor. Since the voltage drop across this resistor is 90 V, 
we can use Ohm’s law to calculate the current: 


^ 22.5 0 


90 V 
22.5 0 


4 A 


Next we can calculate the voltage drop across the 15 O resistor by writing a 
KVL equation around the outer loop of the circuit: 


-240 V + 90 V + v 15n = 0 so v wn = 240 - 90 = 150 V 


Now that we know the voltage drop across the 15 0 resistor, we can use Ohm’s 
law to find the current in this resistor: 


*15 0 ~ 


150 V 
15 0 


10 A 


Write a KCL equation at the middle right node to find the current through the 
5 O resistor. Sum the currents entering: 


4 A — 10 A + i 5 n — 0 so i§n — 10A — 4A — 6A 


Write a KVL equation clockwise around the upper right loop, starting below 
the 4 O resistor. Use Ohm’s law to express the voltage drop across the resistors 
in terms of the current through the resistors: 

-u 4 fi + 90V+ (50)(—6A) = 0 so v 4n = 90V - 30V = 60 V 


Using Ohm’s law we can find the current through the 412 resistor: 


_ 60 V 

To” 


15 A 


Write a KCL equation at the middle node. Sum the currents entering: 


15 A - 6 A - i 2 oo = 0 so 2 2 oo = 15 A - 6 A = 9 A 


Use Ohm’s law to calculate the voltage drop across the 20 0 resistor: 

t’ 20 o = (20 0) (9 A) = 180 V 


All of the volta 



Calculate the power dissipated by the resistors using the equation p R = Ri 2 R : 
Pm = (4)(15) 2 = 900 W p 20Q = (20) (9) 2 = 1620 W 
p 5 n = (5) (6) 2 = 180 W ^ 22.50 = (22.5) (4) 2 = 360 W 

Pi 5 n = (15)(10) 2 = 1500 W 
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P 2.27 


P 2.28 


[b] We can calculate the current in the voltage source, i g by writing a KCL equation 
at the top middle node: 


i g = 15 A + 4 A = 19 A 

Now that we have both the voltage and the current for the source, we can 
calculate the power supplied by the source: 

p g = -240(19) = -4560 W thus p g (supplied) = 4560 W 

[c] p dis = 900 + 1620 + 180 + 360 + 1500 = 4560 W 
Therefore, 


YP 


supp 


Efii, 


^E — — ic — 0 

%c = /3is therefore i E — (1 + (3)is 


H = —Ib + A 


V 0 + IeRe — (a — 1b)R2 — 0 


-A-Ri + V C c - (a - iB)R 2 = 0 or i x = - -^ 

■til i *i2 

V 0 + i e R e + % b R 2 - VC vVe' 1 r > = 0 

ti\ + ti 2 

Now replace i E by (1 + (3)i B and solve for i B . Thus 

, _ [V CC R2/(Rl + R 2 )] - Vo 
>B (1 + P)Re + RiRz/(Ri + Rv ) 

[a] i 0 = 0 because no current can exist in a single conductor connecting two parts 
of a circuit. 


8 kQ 



—200 + 8000* s + 12,000* g = 0 so i g = 200/20,000 = 10 mA 

v A = (12 x 10 3 )(10 x 10” 3 ) = 120 V 

5 x 10~ 3 u a = 0.6 A 

9000A = 3000i 2 so *2 = 3*i 

0.6 + *1 + *2 = 0 so 0.6 + *1 + 3*i = 0 thus *1 = — 0.15 A 
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[c] %2 = 3ii = —0.45 A 

P 2.29 First note that we know the current through all elements in the circuit except the 

200 resistor (the current in the three elements to the left of the 200 fl resistor is ip; 
the current in the three elements to the right of the 200 Tt resistor is 49 ip). To find 
the current in the 200 Tt resistor, write a KCL equation at the top node: 

ip + 49 ip = (2000 = 50 ip 

We can then use Ohm’s law to find the voltages across each resistor in terms of ip. 
The results are shown in the figure below: 



[a] To find ip, write a KVL equation around the left-hand loop, summing voltages 
in a clockwise direction starting below the 7.2V source: 


-7.2 V +55,000ii + 0.7 V + 10,000^ = 0 
Solving for ip 


55,000*0 + 10,000*0 = 6.5 V so 65,000*0 = 6.5 V 


Thus, 

. _ 6.5 

10 ~ 65,000 


100 /iA 


Now that we have the value of ip, we can calculate the voltage for each 
component except the dependent source. Then we can write a KVL equation 
for the right-hand loop to find the voltage v y of the dependent source. Sum the 
voltages in the clockwise direction, starting to the left of the dependent source: 


—v y — 24,500*^ + 9 V — 10,000*0 = 0 
Thus, 


v y = 9V - 34,500*0 = 9V - 34,500(100 x 10" 6 ) = 9 V - 3.45 V = 5.55 V 
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[b] We now know the values of voltage and current for every circuit element. Let’s 


construct a power table: 


Element 

Current 

Voltage 

Power 

Power 


(M) 

(V) 

Equation 

(/iW) 

7.2 V 

100 

7.2 

p = —vi 

-720 

55kf2 

100 

5.5 

p = Ri 2 

550 

0.7V 

100 

0.7 

p = vi 

70 

20011 

5000 

1 

p = Ri 2 

5000 

Dep. source 

4900 

5.55 

p = vi 

27,195 

50011 

4900 

2.45 

p = Ri 2 

12,005 

9 V 

4900 

9 

p = —vi 

-44,100 


The total power generated in the circuit is the sum of the negative power values 
in the power table: 

—720 yuW H—44,100 /xW = -44,820 /jW 

Thus, the total power generated in the circuit is 44,820 pW. The total power 
absorbed in the circuit is the sum of the positive power values in the power 
table: 

550 /jW + 70 fiW + 5000 /rW + 27,195 //W + 12,005 /rW = 44,820 /rW 

Thus, the total power absorbed in the circuit is 44,820 pW and the power in the 
circuit balances. 

P 2.30 [a] 12 - 2 i a = 5 i A 

5*a = 8 i a + 2 i a = 10 i a 

Therefore, 12 — 2i a = 10 i a , so = 1 A 

5*a = 10 i a = 10; so *a = 2 A 

v 0 = 2i a = 2 V 

[b] ig = current out of the positive terminal of the 12 V source 
Vd = voltage drop across the 8 ?'a source 

= i'A + V + 8?'a = 9*a + i a = 19 A 


V d = 2 + 8 = 10 V 



2-32 CHAPTER 2. Circuit Elements 


P 2.31 


P 2.32 


]TP gen = 12 ig + 8*a( 8) = 12(19) + 8(2)(8) = 356 W 
) ( Pdiss — 2 i&ig + 5* A + 8i a {i a T 8* A ) T 2* ct T 8 i/sVd 

= 2(1)(19) + 5(2) 2 + 8(1)(17) + 2(1) 2 + 8(2)(10) 
= 356 W; Therefore, 

E P Sen = E P <diss = 356W 


i 2 = -15.625 mA 


4 °, 2 + ^ + ^ = ° so 

v 1 = 80 * 2 = -1.25 V 
—1 25 

25*! + —— + (-15.625 x 10" 3 ) = 0 so 
20 

v„ = 60*i + 260*i = 320*i 


*i = 3.125 mA 


Vg = IV 


Therefore, 

V cc R 2 (10) (60 x 10 3 ) 


= 6V 


Pi + R -2 100 x 10 3 

PiP 2 _ (40 x 10 3 )(60 x 10 3 ) 
Pi + R'2 


100 x 10 3 


= 24 kfl 


, _ 6-0.6 _ 5.4 

>B 24 x 10 3 + 50(120) (24 + 6) x 10 3 ' m 

i c = pi B = (49)(0.18) = 8.82 mA 

1e = ic + 1 b = 8.82 + 0.18 = 9 mA 

v :id = (0.009) (120) = 1.08 V 

Vbd = V 0 + v 3d = 1.68 V 

. _ v bd _ 1.68 
%2 ~ Pa _ 60 


x 10" 3 = 28 yuA 


*i = *2 + ib — 28 /iA + 180 ;*A = 208 /*A 
v ab = (40 x 10 3 )(208 x 10" 6 ) = 8.32V 
icc — ic + H — 8-82 mA + 208 /./A = 9.028 mA 
via + (8.82 x 10 _3 )(750) + 1.08 = 10 


Thus, 


vis = 2.305V 
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P 2.34 From the simplified circuit model, using Ohm’s law and KVL: 

40CF + 50i + 200i — 250 = 0 so i = 250/650 = 385 mA 

This current is nearly enough to stop the heart, according to Table 2.1, so a warning 
sign should be posted at the 250 V source. 

P 2.35 r a 



P 2.36 [a] p = i 2 R 

/250\ 2 

Parm = (~- (| ) (400) = 59.17W 
/250\ 2 

P^=(g5o) (200) — 29.59 W 
/250\ 2 

Ptrunk ~ ^ 050 / ( 50 ) = 7 - 40W 



2-34 CHAPTER 2. Circuit Elements 


P 2.37 


P 2.38 


[b] 


(cLT N 

U, 

^arm 


2.39 x lO" 4 ^ 


= 35.36 x 1CT 4 ° C/s 


35.36 
VIT\ _ 2.39 x 10 

P^/leg 10 

5 x 10 4 


x 10 4 = 1414.23 s or 23.57 min 


-4 


Pieg = 7.07 x 10~ 4 ° C/s 


/leg 


7.07 


= 7,071.13 s or 117.85 min 


'dT N 
dt , 


2.39 x 10 _4 (7.4) 


/trunk 


trunk 

5 x 10 4 


25 


= 0.71 x 10 -4 ° C/s 


0.71 


= 70,677.37 s or 1,177.96 min 


[c] They are all much greater than a few minutes. 

[a] P arms = 400 + 400 = 80011 


Zietgo = 50 mA (minimum) 

Vrain = (800) (50) X 10~ 3 = 40 V 

[b] No, 12/800 = 15 mA. Note this current is sufficient to give a perceptible shock. 
Pspace 1 Mil 


/space 3 mA 


(space Pspace 


3000 V. 
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Simple Resistive Circuits 


Assessment Problems 


AP 3.1 


7.2 Q B Q 



Start from the right hand side of the circuit and make series and parallel 
combinations of the resistors until one equivalent resistor remains. Begin by 
combining the 6 12 resistor and the 10 12 resistor in series: 

6 12 +10 12 = 16 12 

Now combine this 16 12 resistor in parallel with the 64 12 resistor: 

16 ^ 11640 = MM = i°24 = 12.80 

11 16 + 64 80 

This equivalent 12.8 12 resistor is in series with the 7.2 12 resistor: 

12.811 + 7.212 = 2012 


Finally, this equivalent 2012 resistor is in parallel with the 3012 resistor: 


20121| 30 12 


(20)(30) 
20 + 30 


600 

50 


1212 


Thus, the simplified circuit is as shown: 


5A 



120 


3-1 
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[a] With the simplified circuit we can use Ohm’s law to find the voltage across both 

the current source and the 12 Q equivalent resistor: 

v = (12fi)(5 A) = 60 V 

[b] Now that we know the value of the voltage drop across the current source, we 

can use the formula p = —vi to find the power associated with the source: 

p= -(60 V)(5 A) = -300 W 


Thus, the source delivers 300 W of power to the circuit. 


[c] We now can return to the original circuit, shown in the first figure. In this circuit, 
v = 60 V, as calculated in part (a). This is also the voltage drop across the 30 O 
resistor, so we can use Ohm’s law to calculate the current through this resistor: 


i-A 


60 V 

—7T = 2 A 
30 0 


Now write a KCL equation at the upper left node to find the current is'- 


— 5A + iA + iB = 0 so = 5 A - = 5 A — 2A = 3 A 


Next, write a KVL equation around the outer loop of the circuit, using Ohm’s 
law to express the voltage drop across the resistors in terms of the current 
through the resistors: 

—v + 7.2 %b + 6 %c + 10ic = 0 


So 16i c = v- 7.2 i B = 60 V - (7.2) (3) = 38.4 V 

Thus %c = = 2.4 A 

G 16 

Now that we have the current through the 10 O resistor we can use the formula 
p = Ri 2 to find the power: 

Pion = (10)(2.4) 2 = 57.6 W 


AP 3.2 



[a] We can use voltage division to calculate the voltage v c across the 75 kO resistor: 


n G (no load) 


75,000 

75,000 + 25,000 


(200 V) 


150 V 



Problems 3-3 


AP 3.3 


[b] When we have a load resistance of 150 kQ then the voltage v Q is across the 
parallel combination of the 75 kQ resistor and the 150 kQ resistor. First, 
calculate the equivalent resistance of the parallel combination: 


75 kQ||150 kQ 


(75,000)(150,000) 
75,000 + 150,000 


50,000 Q = 50 kQ 


Now use voltage division to find v a across this equivalent resistance: 


50,000 

50,000 + 25,000 


(200 V) 


133.3 V 


[c] If the load terminals are short-circuited, the 75 kQ resistor is effectively 
removed from the circuit, leaving only the voltage source and the 25 kQ 
resistor. We can calculate the current in the resistor using Ohm’s law: 


i 


200 V 
25 kQ 


8 mA 


Now we can use the formula p 
resistor: 


Ri 2 to find the power dissipated in the 25 kQ 


P25k = (25,000)(0.008) 2 = 1.6 W 

[d] The power dissipated in the 75 kQ resistor will be maximum at no load since v a 
is maximum. In part (a) we determined that the no-load voltage is 150 V, so be 
can use the formula p = v 2 /R to calculate the power: 

(150) 2 

p 7 5 fc(max) = = 0.3 W 

75,000 


60 Q 


-VA- 


+ 40Q^ 

j. 

b- 

) v 

i RJ 

80Q^ 

^ 4A 


[a] We will write a current division equation for the current throught the 80Q 
resistor and use this equation to solve for R: 

R 


*800 — 


R + 40 Q + 80 Q 
Thus 16R = 480 and 


(20 A) = 4 A so 20 R = 4 (R + 120) 


= 480 = 
16 
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[b] With R = 30 ft we can calculate the current through R using current division, 

and then use this current to find the power dissipated by R, using the formula 

p = Ri 2 : 

i R = - 40 + 80 (20 A) = 16 A so p R = (30)(16) 2 = 7680 W 

40 + 80 +30 v ; y ' 

[c] Write a KVL equation around the outer loop to solve for the voltage v, and then 

use the formula p = —vi to calculate the power delivered by the current source: 

—v + (60 ft) (20 A) + (30 ft)(16 A) = 0 so v = 1200 + 480 = 1680 V 
Thus, p source = -(1680 V)(20 A) = -33,600 W 
Thus, the current source generates 33,600 W of power. 


AP 3.4 


40Q 50Q 



[a] First we need to determine the equivalent resistance to the right of the 40 ft and 
70 ft resistors: 


R cq = 20 O || 30 O || (50 ft + 10 ft) 


1 _ 1 , 1 , 1 _ 1 

Re q ~~ 20ft + 30ft + 60ft ~~ 10ft 


Thus, R cq = 10 ft 


Now we can use voltage division to find the voltage v 0 : 

40 

v Q = -(60 V) = 20 V 

40 + 10 + 70 v J 

[b] The current through the 40 ft resistor can be found using Ohm’s law: 

. _n o _20V 


This current flows from left to right through the 40 ft resistor. To use current 
division, we need to find the equivalent resistance of the two parallel branches 
containing the 20 ft resistor and the 50 ft and 10 ft resistors: 


20 ft|| (50 ft + 10 ft) 


(20)(60) 
20 + 60 


15 ft 


Now we use current division to find the current in the 30 ft branch: 

isoo = -i r 15 Qn (0 , 5 A ) = 0.16667 A = 166.67 mA 
15 + 30 
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[c] We can find the power dissipated by the 50 if resistor if we can find the current 
in this resistor. We can use current division to find this current from the current 
in the 40 O resistor, but first we need to calculate the equivalent resistance of 
the 20 O branch and the 30 f 1 branch: 


20 01| 30 O 


(20)(30) 
20 + 30 


12 0 


Current division gives: 

12 

i 50 n =-(0.5 A) = 0.08333 A 

12 + 50 +10 v ' 


Thus, p 5 on = (50)(0.08333) 2 = 0.34722 W = 347.22 mW 


AP 3.5 [a] 



We can find the current i using Ohm’s law: 
i = = 0.01 A = 10 mA 

ioo o 


[b] 



R m = 50 O || 5.555 O = 50 


We can use the meter resistance to find the current using Ohm’s law: 


Oneas 


IV 

1000 + 50 


0.009524 = 9.524 mA 


AP 3.6 [a] 


15kQ 

—Wt— 


6DV(J) 


+ I 

v S75kQ 
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[b] 


Use voltage division to find the voltage v: 


v = 


75,000 


75,000 + 15,000 


(60 V) = 50 V 


15kQ 

A A A 


60 v(p 



il49.95kQ 

(^)50Q 


The meter resistance is a series combination of resistances: 


R m = 149,950 + 50 = 150,000 Q 


We can use voltage division to find v, but first we must calculate the equivalent 
resistance of the parallel combination of the 75 kfl resistor and the voltmeter: 


75,000 0|| 150,000 O 


(75,000)(150,000) 
75,000 + 150,000 


50 kU 


Thus, 


Uneas 


50,000 

50,000 + 15,000 


(60 V) = 46.15 V 


AP 3.7 


[a] Using the condition for a balanced bridge, the products of the opposite resistors 
must be equal. Therefore, 


100/4 = (1000) (150) so R x = = 1500 U = 1.5 kQ 

[b] When the bridge is balanced, there is no current flowing through the meter, so 
the meter acts like an open circuit. This places the following branches in 
parallel: The branch with the voltage source, the branch with the series 
combination Ri and //. and the branch with the series combination of /4 and 
R x . We can find the current in the latter two branches using Ohm’s law: 


iRi,R 3 


5 V 

100 0 + 150 0 


20 mA; 


iR2,Rx 


5 V 

1000 + 1500 


2 mA 


We can calculate the power dissipated by each resistor using the formula 

p = Ri 2 : 


Pioon = (100 ft) (0.02 A) 2 = 40 mW 
Pi50O = (150 Q)(0.02 A) 2 = 60 mW 


Pioooo = (1000 O)(0.002 A) 2 = 4 mW 


Pisooq = (1500 Q)(0.002 A) 2 = 6 mW 


Since none of the power dissipation values exceeds 250 mW, the bridge can be 
left in the balanced state without exceeding the power-dissipating capacity of 
the resistors. 
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AP 3.8 Convert the three Y-connected resistors, 20 12, 10 12, and 5to three A-connected 
resistors i? a , i? b , and R c . To assist you the figure below has both the Y-connected 
resistors and the A-connected resistors 


28 £3 



(5) (10) + (5)(20) + (10)(20) 
20 

(5) (10) + (5)(20) + (10)(20) 
10 

(5)(10) + (5)(20) + (10)(20) 


The circuit with these new A-connected resistors is shown below: 


28 Q 



From this circuit we see that the 7012 resistor is parallel to the 2812 resistor: 


70121| 2812 


(70)(28) 
70 + 28 


2012 


Also, the 17.512 resistor is parallel to the 10512 resistor: 


17.512|| 10512 


(17.5)(105) 
17.5 + 105 


1512 


Once the parallel combinations are made, we can see that the equivalent 2012 
resistor is in series with the equivalent 1512 resistor, giving an equivalent resistance 
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of 20 fl + 15 12 = 35 Q. Finally, this equivalent 35 12 resistor is in parallel with the 
other 35 12 resistor: 


35 01|35 12 


(35)(35) 
35 + 35 


17.5 0 


Thus, the resistance seen by the 2 A source is 17.5 12, and the voltage can be 
calculated using Ohm’s law: 


v = (17.511)(2 A) = 35 V 



Problems 3-9 


Problems 


P 3.1 [a] The 6 12 and 1212 resistors are in series, as are the 912 and 712 resistors. The 

simplified circuit is shown below: 


18 Q 



[b] The 3 k!2, 5 k!2, and 7 k!2 resistors are in series. The simplified circuit is shown 
below: 


4k Q 



[c] The 30012, 40012, and 50012 resistors are in series. The simplified circuit is 
shown below: 



P 3.2 [a] The 1012 and 4012 resistors are in parallel, as are the 10012 and 2512 resistors. 
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The simplified circuit is shown below: 


18Q 


8Q 



[b] The 9 k!2, 18 k!2, and 6 k!2 resistors are in parallel. The simplified circuit is 
shown below: 


5k Q 



-VA- 


2k Q | 

5 10kQ< 

> 


3kQ i 


[c] The 600 12, 20012, and 30012 resistors are in series. The simplified circuit is 
shown below: 


250Q 



■-w,- 

t) 100Q^ 

£ 150QS 


P 3.3 [a] p 4 n = i\ 4 = (12) 2 4 = 576 W p im = (4) 2 18 = 288 W 

Pm = (8) 2 3 = 192 W Pen = (8) 2 6 = 384 W 

[b] piaovidelivered) = 120 i 8 = 120(12) = 1440 W 

[c] Pdi SS = 576 + 288 + 192 + 384 = 1440 W 

P 3.4 [a] From Ex. 3-1: i\ — 4 A, i 2 — 8 A, i s = 12 A 

at node x: —12 + 4 + 8 = 0, at node y: 12 — 4 — 8 = 0 
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[b] V! = 4i s = 48 V v 3 = 3i 2 = 24 V 

v 2 = 18*! = 72 V v 4 = 6* 2 = 48 V 

loop abda: —120 + 48 + 72 = 0, 
loop bcdb: —72 + 24 + 48 = 0, 
loop abcda: —120 + 48 + 24 + 48 = 0 

P 3.5 Always work from the side of the circuit furthest from the source. Remember that 
the current in all series-connected circuits is the same, and that the voltage drop 
across all parallel-connected resistors is the same. 

[a] R cq = 6 + 12 + [4|| (9 + 7)] = 18 + (4||16) = 18 + 3.2 = 21.2 ft 

[b] R cq = 4k + [10 k|| (3 k + 5 k + 7 k)] = 4k + (10 k||15 k) = 4k + 6k = 10 kft 

[c] R cq = (300 + 400 + 500) + (600||1200) = 1200 + 400 = 1600 ft 

P 3.6 Always work from the side of the circuit furthest from the source. Remember that 
the current in all series-connected circuits is the same, and that the voltage drop 
across all parallel-connected resistors is the same. 

[a] R cq = 18 + (1001|251|(22 + (10||40))) = 18 + (20||(22 + 8) = 18 + 12 = 30 ft 

[b] R cq = 10 k||(5 k + 2 k + (9 k|| 18 k||6 k)) = 10 k||(7 k + 3 k) = 10k||10k = 5 kft 

[c] R eq = 600||200||300|| (250 + 150) = 6001|2001| 3001|400 = 80 ft 

P 3.7 [a] R cq = 12 + (241| (30 + 18)) + 10 = 12 + (24||48) + 10 = 12 + 16 + 10 = 38 ft 

[b] R cq = 4 k||30 k||60 k|| (1.2 k + (7.2 k||2.4 k) + 2 k) = 4 k||30 k||60 k|| (3.2 k + 1.8 k) 

= 4k||30k||60k||5k = 2 kft 

P 3.8 [a] 5||20 = 100/25 = 4ft 5||20 + 9||18 + 10 = 20ft 

9|| 18 = 162/27 = 6ft 20||30 = 600/50 = 12ft 

R ah = 5 + 12 + 3 = 20 ft 
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[b] 5 + 15 = 2012 30||20 = 600/50 = 12 0 

20|| 60 = 1200/80 = 15 12 3||6 = 18/9 = 2 12 

15 + 10 = 2511 3||6 + 30||20 = 2 + 12 = 1411 

25||75 = 1875/100 = 18.75 H 26||14 = 364/40 = 9.1 H 

18.75 + 11.25 = 3011 R ah = 2.5 + 9.1 + 3.4 = 1511 

[c] 3 + 5 = 811 60||40 = 2400/100 = 24 H 

8|| 12 = 96/20 = 4.812 24 + 6 = 3011 

4.8 + 5.2 = 1012 30|| 10 = 300/40 = 7.511 

45 + 15 = 6011 R ah = 1.5 + 7.5 + 1.0 = 1012 

P 3.9 [a] For circuit (a) 

R ah = 360|| (90 + 120||(160 + 200)) = 360||(90 + (120||360)) = 360||(90 + 90) 
= 360|| 180 = 12011 
For circuit (b) 

1 _ 1 | 1 | 1 1 1 _ 30 _ 1 

^ _ 20 + 15 + 20 + 4 + 12 _ 60 _ 2 

Re = 211 
R e + 16 = 1812 
181| 18 = 911 

R ah = 10 + 8 + 9 = 2712 
For circuit (c) 

151|30 = 1012 
10 + 20 = 3011 
601|30 = 2012 
20 + 10 = 3011 

301|80|| (40 + 20) = 301| 801| 60 = 1611 
R ah = 16 + 24 + 10 = 5011 
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[b] P a = (0.03 2 )(120) = 108 mW 
144 2 

P b = — = 768W 


P c = °^- = 128 /iW 


P 3.10 The equivalent resistance to the right of the 10 Q resistor is 

(6 + 5|| (8 + 12)) = 6 + 5||20 = 6 + 4 = 10 O. 


We can use current division to see that the current then splits equally between the 
two 10 Q branches. Thus the current through the 6 Q branch in the original circuit is 
5 A. This 5 A current splits between the branch with the 5 resistor and the branch 
with the 8 + 12 = 20 Q resistor and we use current division to determine the current 
in the 5 fl resistor: 

? 5 n =-(5) = 4 A 

Thus the power in the 5 Q resistor is 

p 5 n = 4(5)= 4 2 (5) = 80 W 


P3.ll [a] 


2Q 15 Q 



MA/V^ 


R cq = 2 + 2 + (1/4 + 1/5 + 1/20) -1 = 6 fl 

i g = 120/6 = 20 A 

v An = 120 - (2 + 2)20 = 40 V 

%o = 40/4 = 10 A 

^(i5 + 5)Q =40/(15 + 5) =2 A 

Vo = (5) (2) = 10V 

[b] i l5Q = 2 A; P 15n = (2) 2 (15) = 60 W 

[c] P 120 V = (120) (20) = 2.4 kW 
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P3.12 


[a] R, q = R\\R = E = | 

[b] B oq = (»8i) 

= *11A 

R 2 /(n - 1) _ R 2 _ R 

R + R/(n — 1) nR n 

[c] One solution: 


400 


2000 

n 


so 


n = 


2000 

400~ 


5 


You can place 5 identical 2 kO resistors in parallel to get an equivalent 
resistance of 400 O. 


[d] One solution: 


12,500 


100,000 

n 


so 


n = 


100,000 

12,500 


You can place 8 identical 100 kO resistors in parallel to get an equivalent 
resistance of 12.5 kO. 


P 3.13 [a] We can calculate the no-load voltage using voltage division to determine the 

voltage drop across the 500 O resistor: 

500 


V n = 


(2000 + 500) 


(75 V) = 15 V 


[b] We can calculate the power if we know the current in each of the resistors. 

Under no-load conditions, the resistors are in series, so we can use Ohm’s law 
to calculate the current they share: 


i 


75 V 

2000 0 + 500 0 


0.03 A = 30 mA 


Now use the formula p = Ri 2 to calculate the power dissipated by each 
resistor: 


P Rl = (2000)(0.03) 2 = 1.8 W = 1800 mW 


P R2 = (500)(0.03) 2 = 0.45 W = 450 mW 


[c] Since Ri and Ii> carry the same current and R\ > R 2 to satisfy the no-load 
voltage requirement, first pick R\ to meet the 1 W specification 


'hii 


75 - 15 

Ri 


Therefore, 



R.\ < 1 


Thus, Ri > 


60 2 

IT 


or Ri > 3600 O 
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Now use the voltage specification: 


R 2 + 3600 


(75) = 15 


Thus, R 2 = 900 Pi 

R,\ = 1600 Pi and R> = 400 Pi are the smallest values of resistors that satisfy 
the 1 W specification. 

P 3.14 Use voltage division to determine R 2 from the no-load voltage specification: 


6V = — + 40 ^ (18 V); SO 1877 2 = 6(7?2 + 40) 


Thus, 12 Ro = 240 so 7 ? 2 =-= 20 PI 

12 

Now use voltage division again, this time to determine the value of R c , the parallel 
combination of 77 2 and R L . We use the loaded voltage specification: 


4 V = (40++) (18 V) S ° 1SRc = 4(40 + R ’ ] 


Thus, 147? e = 160 so R c = -= 11.43 

14 

Now use the definition R c to calculate the value of Rl given that R 2 = 20 Pi: 

Re = on 207 ^ = 11.43 so 20 Rl = 11A3(R L + 20 ) 

2U + Kl 


Therefore, 8.57i7 L = 228.6 and R L = -- = 26.67 Pi 

8.57 

P3.15 [a] From the constraint on the no-load voltage, 


———(40) = 8 so = 477 2 

ill + K 2 

From the constraint on the loaded voltage divider: 

3600i?2 

7 5 _ 3600 + R 2 


3600i? 2 
h 3600 + R 2 

360077 2 
3600 + 7? 2 


47?2 + 


36007?2 
3600 + 7?2 
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3600i? 2 , 144,000i? 2 

= ---(40) =----— 

4i? 2 (3600 + R 2 ) + 3600i? 2 4 E% + 18,000f? 2 

So, i p 144, !!!nn = 7 ' 5 ^2 = 300 Q and ^ = 4i? 2 = 1200fi 

4xi2 + lo.UUU 


[b] Power dissipated in R\ will be maximum when the voltage across R\ is 
maximum. This will occur under load conditions. 

(32 5) 2 

v Rl = 40 - 7.5 = 32.5 V; P R , = v ‘ ; = 880.2 mW 

1 ’ Hl 1200 

So specify a 1 W power rating for the resistor R\. 

The power dissipated in R 2 will be maximum when the voltage drop across R 2 
is maximum. This occurs under no-load conditions with v Q = 8 V. 

P R =^- = 213.3 mW 
H2 300 

So specify a 1/4 W power rating for the resistor R 2 . 


P 3.16 Refer to the solution of Problem 3.15. The divider will reach its dissipation limit 
when the power dissipated in R\ equals 1 W 


So (*4/1200) = 1; v Rl = 34.641 V v a = 40 - 34.641 = 5.359 V 


JD 

Therefore,-^-(40) = 5.359, and R c = 185.64111 

1200 + R c 


12007?l = lg5j641 . Rl = 219.62 H 

1200 + i?L 


P 3.17 [a] 


25 kQ 30 kQ 

i—VvV—r-WV 



120 kQ + 30 kQ = 150 kll 
75 kff||150 kll = 50 kll 

-(50,000) = 160 V 


240 


Vol = 


v„ = 


(25,000 + 50,000) 

120,000 


(150,000) 


M = 128 V, 


Vo = 128 V 
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P 3.18 


P 3.19 


[b] 


25 kQ 30 kQ 



240 

i =-= 2.4 mA 

100,000 

75,000? = 180 V 

12 0,000 = 

° 150,000 V ; 


v 0 = 144 V 


[c] It removes loading effect of second voltage divider on the first voltage divider. 
Observe that the open circuit voltage of the first divider is 


v 


/ 

Ol 


75,000 

( 100 , 000 ) 


(240) 


180 V 


Now note this is the input voltage to the second voltage divider when the 
current controlled voltage source is used. 


(24) 2 

R\ + R'2 + R 3 


36, 


Therefore, R\ + R 2 + R 3 = 16 0 


(Ri + 77 2 )24 
(Ri + R-2 + R 3 ) 


Therefore, 2(Ri + R 2 ) = R\ + R 2 + R 3 
Thus, R 1 + R 2 = R 3 ; 2 R 3 = 16; R 3 = 8 0 

M 24 ) _ 6 

+ i?2 + 7?3 

4i?2 = 7?1 + i?2 T 7?3 SO i?2 = -R3/2 =40 
i? 2 = 4 O; i?! = 16 - 8-4 = 40 


Note - in the problem description, the first equation defines R\ not /?r. - 


[a] At no load: v Q = kv s = - v s . 

R.1 + R.2 


At full load: 

Therefore 


v n = 


k = 

a - 


av s 


Re 

- V 

Ri + R c 


r 2 

R.\ + R 2 
R c 

Ri + R c 


and Ri 
and Ri 


where R c = 


R 0 R> 


R 0 + R> 


(l~fc) 

k 

0- -qQ 

a 


r 2 

R r 
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l-«\ [ R 2 R 0 1 (1 - k) 


Oi 7 L Ro 


Solving for R 2 yields R - 2 = —-yrRo 

a(l — k) 


Also, R x = (1 , A:) R -2 
k 


_ (k — a) 

K\ — --- n 0 

ak 


[b] = 

R '2 = 


R 0 = 2.5 kfl 
R n = 14.167 kfi 



Maximum dissipation in R 2 occurs at no load, therefore, 

Pr,( m«> = 1(6 ° ) 4 (0 16 8 7 5)1 ~ = 183.6 mW 

Maximum dissipation in Ri occurs at full load. 

[60 — 0.80 (60)1 2 „ 7 
Rr\ (max) — 2500 ~ 01 -60 rnW 


R± (max) 


= 183.6 mW 


= 57.60 mW 



II 

eg 1 

DA 

( 60) = 1.44 W 
2500 

Pr 2 - 

(0) 2 

v ; =0W 

14,167 


P 3.20 [a] Let v Q be the voltage across the parallel branches, positive at the upper terminal, 

then 

ig = v 0 G\ + v 0 G 2 + • • • + v q Gn = v 0 (Gi + G 2 + • • • + Gn) 


(G 1 + G 2 + • • • + Gn ) 


It follows that v. 
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The current in the k th branch is 4 = v a Gk ; Thus, 

IgG k 

[G*i + G2 + • + Gat] 

120(0.00125) 

0 “ [0.0025 + 0.0004167 + 0.00125 + 0.000625 + 0.0002083] 


30 mA 


P 3.21 Begin by using the relationships among the branch currents to express all branch 
currents in terms of i 4 : 


it = 2 i 2 = 2 ( 10 * 3 ) = 20* 4 


*2 = 10 i 3 = 10*4 


*3 — *4 


Now use KCL at the top node to relate the branch currents to the current supplied by 
the source. 

*1 + *2 + 23 + *4 = 8 mA 

Express the branch currents in terms of * 4 and solve for * 4 : 

8 mA = 20*4 + 10*4 + *4 + *4 = 32*4 so *4 = = 0.00025 = 0.25 mA 

Since the resistors are in parallel, the same voltage, 4 V appears across each of them. 
We know the current and the voltage for R 4 so we can use Ohm’s law to calculate R 4 : 


r 4 = — = 


4 V 


= 16 kO 


* 4 0.25 mA 

Calculate * 3 from *4 and use Ohm’s law as above to find R 3 : 


*3 = *4 = 0.25 mA 


.'. i? 3 = — = 4 V = 16 kO 

* 3 0.25 mA 

Calculate * 2 from * 4 and use Ohm’s law as above to find R 2 : 


*2 = 10*4 = 10(0.25 mA) = 2.5 mA 


i? 2 = ^ = 


4 V 


*2 2.5 mA 

Calculate *4 from * 4 and use Ohm’s law as above to find R ,\: 


= 1.6 kO 


*1 = 20*4 = 20(0.25 mA) = 5 mA 

The resulting circuit is shown below: 


V 4 V 

.-. R 1 = ^ = -= 800 0 

*! 5 mA 
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P 3.23 


The voltage drop across the 4 kO resistor is the same as the voltage drop across 
the series combination of the 1.2 kO, the (7.2 k||2.4 k)Q combined resistor, 
and the 2 kO resistor. Note that 


7.2k||2.4k— ( 7200 )( 2400 ) _ i 8 k^ 
11 9600 

Using voltage division, 


1800 

1200 + 1800 + 2000 


(50) 


18 V positive at the top 


[a] 


1BQ 



5Q 


[b] 


First, note the following: 181|9 = 6 0; 201|5 = 4 0; and the voltage drop across 
the 18 O resistor is the same as the voltage drop across the parallel combination 
of the 18 O and 9 O resistors. Using voltage division, 


-(0.1 V) = 30 mV positive at the left 

6 + 4 +10 v ; F 


3Q 



The equivalent resistance of the 5 O, 15 O, and 60 O resistors is 
R e = (5 + 15) || 60 = 15 0 

Using voltage division to find the voltage across the equivalent resistance, 
15 

v R =-(10) = 6 V 

Re 15 + 10 V ’ 

Using voltage division again, 

15 


v„ = 


5 + 15 


(6) = 4.5 V positive at the top 
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P 3.24 


P 3.25 


[c] 



5Q 


Find equivalent resistance on the right side 

(12+3 + 5) 

Find voltage bottom to top across R r 
(10)(3) = 30 V 

Find the equivalent resistance on the left side 

(40)(45 + 15) 

(40 + 45 + 15) 

The current in the 6 O is 
30 

i 6fi = - = lA left to right 


Use current division to find i r 


i.= ( 1)( 


40 


40 + 15 + 45 


= 0.4 A bottom to top 


20 

[a] v 20 k = ^^(45) = 36 V 


90 


^90k — 


-(45) = 27 V 


90 + 60 

v x = v 20 k - v 90k = 36 - 27 = 9 V 

[b] t’ 20 k = |V.) = 0.8 V s 
90 

t’90k = t^(K) = 0.6K 

150 

v T = 0.814 - 0.614 = 0.214 


1501| 75 = 50 U 

The equivalent resistance to the right of the 90 f1 resistor 


(50 + 40)||(60 + 30) = 45 O 
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P 3.26 


P 3.27 


P 3.28 


The voltage drop across this equivalent resistance is 

45 , 

(3) = 1 V 


90 + 45 


Use voltage division to find v\, which is the voltage drop across the parallel 
combination whose equivalent resistance is 50 fl: 

50 

Vl = (1) = 5/9 V 

50 + 40 V ’ ' 

Use voltage division to find u 2 : 

30 


v-i = 


30 + 60 


*3000 — 


(1) = 1/3 V 


1000 + 200 


(15 x 10~ 3 ) = 10 mA 


1000 + 200 + 300 + 300 


*+ooo = (300) (10 x 10 -3 ) = 3 V 


*2oon — *i — 15 x 10 3 — *3000 — 5 mA 
v lk = (1000)(5 x 10~ 3 ) = 5 V 
v n = 3 - 5 = -2 V 


5U||20U = 4U; 4U + 6U = 10U; 10||40 = 8U; 


Therefore, i„ = 


125 

34+2 


= 12.5 A 


(40) (12.5) ; (5) (10) OA 

rrv 10 A, % 0 — 2 A 


50 


25 


[a] Combine resistors in series and parallel to find the equivalent resistance seen by 
the source. Use this equivalent resistance to find the current through the 
source, and use current division to find i 0 : 


80 + 70 = 150 n 
60 V 


1001| 1501| 90 = 3612 


36 + 24 = 60 Q 


*240 — 


= 1 A 


*o = 


60U 

100|| 90|| 150 
150 


36 


(1) =-= 0.24 A 

V ; 150 
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[b] Use current division to find the current through the 90 O resistor from the source 
current found in part (a), and use the calculated current to find the power in the 
90 O resistor: 


_ 1001| 901| 150 _ 36 
- 90 (1) - 90 


PM = 4 n (90) = (0.4) 2 (90) 


0.4 A 
14.4 W 


P 3.29 [a] v m = (1)(9) = 9V 

i 2n = 9/(2 + 1) = 3 A 
Uo = 1 + 3 = 4 A; 

**250 = (4)(4) + 9 = 25V 
*250 = 25/25 = 1 A; 

*30 — *250 + *90 + *20 = 1 + 1 + 3 = 5 A; 
*4oo = **250 + **30 = 25 + (5) (3) = 40 V 
*400 = 40/40 = 1 A 

*5||20O = *400 + *250 + *40 = 1 + 1+ 4 = 6A 
**511200 = (4)(6)= 24 V 
**320 = **400 + **5||200 = 40 + 24 = 64 V 
*320 = 64/32 = 2 A; 


P 3.30 


*10O — *320 + *5||20O 

V g = 10(8) + V 3 20 = 

rui d (**5||20o) 

10 J -*200 — -- — 


= 2 + 6 = 8A 
= 80 + 64 = 144 V. 
24 2 

— = 28.8 W 
20 



40 || 10 = 8 n 


15||60 = 120 



Problems 


3-25 


P 3.31 


P 3.32 



i, = ®B = 2A 


(60) 

v g = 20*i = 40 V 
Veo = Vg - V x = 24 V 

_ 24 2 16 2 40 2 

^device - 60 + TO + 40 


v x = 8*1 = 16 V 


= 75.2 W 


[a] The model of the ammeter is an ideal ammeter in parallel with a resistor whose 
resistance is given by 
100/xV 


JL = 


= ion. 


10 n A 

We can calculate the current through the real meter using current division: 




(10/99) 

10 + (10/99)' 


10 


990 + 10 


^meas 


[b] R s = i ^ f ^ = i(m. 

10 /iA 

(100/999,990) 


I'm. 


10 + (100/999,990) v ' 100,000 

[c] Yes 

Measured value: 601| 20.1 = 15.05612 
50 


h = 


(15.056 + 10) 

True value: 60||20 = 1512 


= 1.9955 A; * meas = (1.9955) 


60 

801 


= 1.495 A 


50 


50 


h = 


(15 + 10) 25 

1.495 


= - = 2.0 A; * true = ( 2 ) ( -J = 1.5 A 


60 \ 


error = 


1.5 


- 1 


x 100 = -0.3488% 
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P 3.33 


P 3.34 


P 3.35 


P 3.36 


Begin by using current division to find the actual value of the current i 0 
15 


firue 


15 + 45 
15 


?mea,s 


(50 mA) = 12.5 mA 

(50 mA) = 12.48 mA 


error = 


100 = -0.1664% 


15 + 45 + 0.1 

■12.48 
L 12.5 

For all full-scale readings the total resistance is 
full-scale reading 


Rv + R 


movement 


io - 3 


We can calculate the resistance of the movement as follows: 
20 mV 


R 


movement 


1 mA 


= 20 0 


Therefore, R v = 1000 (full-scale reading) — 20 

[a] R v = 1000(50) - 20 = 49,980 O 

[b] R v = 1000(5) - 20 = 4980 0 

[c] R v = 1000(0.25) - 20 = 230 0 

[d] R v = 1000(0.025) - 20 = 50 

[a] t- mea .s = (50 x 10 —3 )[15||45|| (4980 + 20)] = 0.5612 V 

[b] r+'ue = (50 x 10 _3 )(15||45) = 0.5625 V 

% error = — l) x 100 = -0.23% 

\0.5625 / 



50 x 10 -3 

Original meter: R c = --= 0.01 O 


Modified meter: R c = ^ )(Q 0 ) _ 0.00667 O 

0.03 

.-. (J fs )(0.00667) = 50 x 10" 3 
.-. 4 = 7.5 A 



Problems 3-27 


P 3.37 


P 3.38 


At full scale the voltage across the shunt resistor will be 100 mV; therefore the 
power dissipated will be 

(100 x IQ” 3 ) 2 


Therefore Ra > 


(100 x 10” 3 ) 2 
(125 


40 mfl 


Otherwise the power dissipated in Ra will exceed its power rating of 0.25 W 
When Ra = 40 m2, the shunt current will be 


*A 


100 x 10~ 3 
40 x 10- 3 


2.5 A 


The measured current will be i meas = 2.5 + 0.001 = 2.501 A 
.'. Full-scale reading is for practical purposes is 2.5 A 

The current in the shunt resistor at full-scale deflection is 


Aullsc.ale 20 X 10 


The voltage across Ra at full-scale deflection is always 10 mV, therefore 
10 x 10" 3 10 

Ra — 


[a] R a = 

[b] Ra = 

[c] R a = 

[d] Ra = 


^fullscale — 2 X 10 3 1000if s — 0.02 

10 


10,000 - 0.02 
10 


= 1 mfl 


1000 - 0.02 
10 


= 10 mfl 


100 - 0.02 


= IQ 


10 


0.1 - 0.02 


= 125 n 


[a] 


P 3.39 
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10 x 10 3 ii + 50 x 10 3 (*i - i B ) = 12 
50 x 10 3 (*i - * B ) = 0.4 + 30* B (0.3 x 10 3 ) 

60*! - 50* b = 12 x 10" 3 

50*i - 59 * b = 0.4 x 10~ 3 
Calculator solution yields * B = 553.85 /jA 

[b] With the insertion of the ammeter the equations become 

60*i — 50 *b = 12 x 10^ 3 (no change) 

50 x 10 3 (*i - * B ) = 2 x 10 3 * b + 0.4 + 30* B (300) 

50*i - 61 * b = 0.4 x 10" 3 

Calculator solution yields * B = 496.6 /*A 
/ 496.6 \ 

[c] % error = ( ' - 1) 100 = -10.34% 

V553.85 / 

.40 [a] Vter = 100 V 

[b] R me ter = (100fi/V)(100 V) = 10 kfl 

10 k||60 k = 8.57 kfl 
8 57 k 

Vrneter = R (100) = 36.36 V 

[c] 10 k||l k = 6 kO 

t'meter = ^(100) = 9.09 V 



Problems 3-29 


[d] V me ter a — 100 V 


^meter b H - ^meter c — 45.45 V 


No, because of the loading effect of the meter. 


P 3.41 


[a] 

[b] 


Since the -i 

ITi 



iter than either voltmeter’s maximum reading, 
voltmeters would be to connect them in series. 


R ml = (300) (1000) = 300 kft; R m2 = (150) (800) = 120 kfi 

. . R m .l + R-rn'i — 420 kfi 

300 , 150 

*1 max = X 10 =1 mA; %2 max = X 10 = 1,25 mA 

Vax = 1 niA since meters are in series 

I'max = 10 _3 (300 + 120) 10 3 = 420 V 

Thus the meters can be used to measure the voltage 
399 

[c] i rn = -- = 0.95 mA 

420 x 10 3 

v m i = (0.95)(300) = 285 V v m2 = (0.95)(120) = 114 V 


P 3.42 The current in the series-connected voltmeters is 


^m 


-= 0.96 mA 

300 


P 3.43 


"sokn = (0.96)(80) = 76.8 V 
fpower supply = 288 + 115.2 + 76.8 = 

750 V 


R 


meter 


— Rrn + R 


movement 


1.5 mA 


480 V 

= 500 kO 


r-meas = (25 kO||125 kfl||500 kO)(30 mA) = (20 kfl)(30 mA) = 600 V 
v tIue = (25 kV2|| 125 kO)(30 mA) = (20.833 kO)(30 mA) = 625 V 

% error = (- l) 100 = -4% 

V625 / 
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P 3.44 


P 3.45 


P 3.46 


Note - the upper terminal of the voltmeter should be labeled 820 V, not 300 V. 

[a] R meter = 360 kf? + 200 kO||50 kO = 400 kO 

400||600 = 240 kf? 

240 

Kneter = ^(300) = 240 V 

[b] What is the percent error in the measured voltage? 

True value = —(300) = 272.73 V 
660 v ’ 


error = 


[a] R\ = 

R‘2 = 
Rs = 


240 
272.73 
100 V 


- 1 100 = - 12 % 


2 mA 
10 V 
2 mA 
1 V 
2 mA 


= 50 kf? 
= 5kO 
= 500 f? 


[b] Let i a = actual current in the movement 
id = design current in the movement 

Then % error = (— — 1^) 100 


For the 100 V scale: 

100 100 


100 




50,000 + 25 50,025’ 

^ = 50W0 = 
d 50,025 

For the 10 V scale: 

i a 5000 

— =-= 0.995 

i d 5025 

For the 1 V scale: 

i a 500 

— =-= 0.9524 

i d 525 

[a] -^movement 50 f1 

R 1 + ^movement 


l d = 


30 


1 x 10~ 3 


50,000 

error = (0.9995 - 1)100 = -0.05% 


error = (0.995 - 1.0)100 = -0. 


error = (0.9524 - 1.0)100 = -4.76% 


= 30kO .'. R 1 = 29,9501? 


i?2 + R\ + R] 


150 


movement 


1 x 10 


-3 


= 150 kO 


R 2 = 120 kf? 



Problems 3-31 


R.i + i?2 + R\ + R 


movement 


300 

1 x 10~ 3 


i?3 = 150 kO 


= 300 kO 
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P 3.47 



v x = (0.96 m)(150 k) = 144 V 
144 

k = 750k = 0192 ” A 

i 2 = *move + i\ — 0.96 m + 0.192 m = 1.152 mA 
Aneas = v x = 144 + 150i 2 = 316.8 V 
[c] V\ = 150 V; * 2 = 1 m + 0.20 m = 1.20 mA 

ii = 150/750,000 = 0.20 mA 

t’meas = v x = 150 + (150 k)(1.20 m) = 330 V 


From the problem statement we have 

K(io) 


50 = 


48.75 = 


10 + R s 
14(6) 


6 + R s 

[a] FromEq(l) 


(1) V s in mV; R s in Mil 


( 2 ) 


10 + R s = 0.2V S 


R, = 0.214 - 10 


Substituting into Eq (2) yields 

614 

48.75 = ——2— or 14 = 52 mV 

0.214 - 6 

[b] From Eq (1) 

520 

50 = -— or 50i? s = 20 

10 + R s 


So r s = 400 m 



Problems 3-33 


P 3.48 Since the bridge is balanced, we can remove the detector without disturbing the 
voltages and currents in the circuit. 



It follows that 

. _ *g(-R 2 + Rx) _ ig(R2 + Rx) 

R\ + R-2 + R 3 + R-x YR 

■ _ ig(Rl + R 3 ) _ + -R 3 ) 

-Ri + R2 + -R3 + Rx YR 

v-i = R 3 ii = V X = i 2 R x 


R 3 ig(R 2 + Rx) 

Ty 


Rxig(Rl + R3 ) 


Rs(R2 + -R®) —■ R X {R\ + -R3) 


P 3.49 


From which R x 


R2R3 

r 



The condition for a balanced bridge is that the product of the opposite resistors 
must be equal: 

(500)(800) 


(200) (R x ) = (500) (800) so R x 


200 


200012 
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[b] The source current is the sum of the two branch currents. Each branch current 
can be determined using Ohm’s law, since the resistors in each branch are in 
series and the voltage drop across each branch is 6 V: 


6 V 


6 V 


u = 


200 0 + 800 0 500 0 + 2000 0 


= 8.4 mA 


[c] We can use current division to find the current in each branch: 


heft 


500 + 2000 

500 + 2000 + 200 + 800 


(8.4 mA) 


6 mA 


iright = 8.4 mA — 6 mA = 2.4 mA 


Now we can use the formula p = Ri 2 to find the power dissipated by each 
resistor: 


p 20 o = (200)(0.006) 2 = 7.2 mW p 800 = (800)(0.006) 2 = 28.8 mW 
p 5 oo = (500)(0.0024) 2 = 2.88 mW p 2 ooo = (2000)(0.0024) 2 = 11.52 mW 

Thus, the 800 O resistor absorbs the most power; it absorbs 28.8 mW of power. 

[d] From the analysis in part (c), the 500 Q resistor absorbs the least power; it 
absorbs 2.88 mW of power. 

P 3.50 Redraw the circuit, replacing the detector branch with a short circuit. 



30kfl 


20kQ 


6 kf2||30 kfl = 5k ft 
12kft||20 kfl = 7.5 kfl 


75 


In = 


9 5000 + 7500 


= 6 mA 


v x = 6 mA(5000) = 30 V 


v 2 = 6 mA(7500) = 45 V 



Problems 3-35 


h 


30 V 
6000 (1 


5 mA 


45 V 

12,000 (1 


3.75 mA 


*d = ii — 1-2 = 5 mA — 3.75 mA = 1.25 mA 


P 3.51 Note the bridge structure is balanced, that is 15 x 5 = 25 x 3, hence there is no 

current in the 5 kfl resistor. It follows that the equivalent resistance of the circuit is 

R eq = 0.750 + 11.25 = 12 kfl 

The source current is 192/12,000 = 16 mA. 

The current down through the 3 kfl resistor is 

30 

i 3k = 16— = 10 mA 
3fc 48 

.'. p 3k = (10 x 10' 3 ) 2 (3 x 10 3 ) = 300 mW 


P 3.52 In order that all four decades (1, 10, 100, 1000) that are used to set R 3 contribute to 
the balance of the bridge, the ratio R 2 /R 1 should be set to 0.001. 

P 3.53 Begin by transforming the Y-connected resistors (10 fl,40 (1, 50 fl) to A-connected 
resistors. Both the Y-connected and A-connected resistors are shown below to assist 
in using Eqs. 3.44 - 3.46: 


15 Q 



Now use Eqs. 3.44 - 3.46 to calculate the values of the A-connected resistors: 


( 40 ) 00 ) 

10 + 40 + 50 


4(1; R 2 


mm 

10 + 40 + 50 


5(1; R 3 


(40)(50) 

10 + 40 + 50 


20(1 


The transformed circuit is shown below: 
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The equivalent resistance seen by the 24 V source can be calculated by making 
series and parallel combinations of the resistors to the right of the 24 V source: 


R e q = (15 + 5)||(4 + 1) + 20 = 201| 5 + 20 = 4 + 20 = 240 


Therefore, the current i in the 24 V source is given by 


24 V 
240 


1 A 


Use current division to calculate the currents R and i 2 . Note that the current R flows 
in the branch containing the 15 f1 and 5 O series connected resistors, while the 
current ? 2 flows in the parallel branch that contains the series connection of the 1 0 
and 4 O resistors: 

h = l - - 5 (0 = 4(1 A) = 0.2 A. and i 2 = 1 A - 0.2 A = 0.8 A 

Now use KVL and Ohm’s law to calculate v\. Note that v\ is the sum of the voltage 
drop across the 4 O resistor, 4? 2 , and the voltage drop across the 20 0 resistor, 20/': 


Vi = 4? 2 + 20i = 4(0.8 A) + 20(1 A) = 3.2 + 20 = 23.2 V 


Finally, use KVL and Ohm’s law to calculate v 2 . Note that v 2 is the sum of the 
voltage drop across the 5 0 resistor, 5?,, and the voltage drop across the 20 0 
resistor, 20?: 


v 2 = 5*i + 20? = 5(0.2 A) + 20(1 A) = 1 + 20 = 21 V 


.54 [a] Calculate the values of the Y-connected resistors that are equivalent to the 

10 O,40 0, and 500 A-connected resistors: 


Rx 


(10)(50) 

10 + 40 + 50 


(10)(40) 

10 + 40 + 50 


40 


Ry 


(40)(50) 

10 + 40 + 50 


20 0 ; 


Replacing the R 2 —/?.>— R 4 delta with its equivalent Y gives 



Problems 


3-37 


13 Q 



Now calculate the equivalent resistance i? a b by making series and parallel 
combinations of the resistors: 

R ah = 13 + 5+ [(4 + 8)11(20 + 4)] + 7 = 3312 

[b] Calculate the values of the A-connected resistors that are equivalent to the 
8 12,10 12, and 40 12 Y-connected resistors: 


Rx - 
Ry 

/+' = 


(10)(40) + (40)(8) + (8)(10) = 800 = 
8 8 

(10)(40) + (40)(8) + (8)(10) 800 

10 10 


(10)(40) + (40)(8) + (8)(10) 800 


= 2011 


40 40 

Replacing the R 2 , R 4 , R~> wye with its equivalent A gives 


13 Q 



Make series and parallel combinations of the resistors to find the equivalent 
resistance R a + 

100 O||50 12 = 33.33 ff; 80 0||4 O = 3.81 O 
100||50 + 80||4 = 33.33 + 3.81 = 37.14H 

37.141,20 = = M 

" 57.14 


R ah = 13 + 13 + 7 = 33 fl 
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[c] Convert the delta connection /? 4 — R 5 — R tl to its equivalent wye. 
Convert the wye connection R 3 — R 4 — R () to its equivalent delta. 

P 3.55 Replace the upper and lower deltas with the equivalent wyes: 



Now make series and parallel combinations of the resistors: 
(4 + 6)||(20 + 32 + 20 + 18) = 10||90 = 912 
R ah = 33 + 5 + 9 + 3 + 40 = 9012 
P 3.56 18 + 2 = 2012 

201| 80 = 1612 
16 + 4 = 2012 
201| 30 = 1212 
12 + 8 = 2012 




Problems 3-39 


60 

i 0 = -(12 A) = 9 A 

60 + 20 V ; 

20 

i 30 n = -(9 A) = 3.6 A 

30 20 + 30 V ; 

P3on — (30)(3.6) 2 = 388.8 W 


P 3.57 The top of the pyramid can be replaced by a resistor equal to 


Ri = 


(18)(9) 

27 


6 f! 


The lower left and right deltas can be replaced by wyes. Each resistance in the wye 
equals 3 fl Thus our circuit can be reduced to 
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(60K80) 

6 200 

Now redraw the circuit using the wye equivalents. 



R ah = 1.5 + 12.5 + (25 + 71 + 24)||(25 + 31 + 24) + 18 

= 1.5 + 12.5 + (120||85) + 18 = 1.5 + 12.5 + 48 + 18 = 8011 


[b] When v ah = 

h = 

io = 

£>310 = 


400 V 
400 _ 

~80~ 


5 A 


120 


120 + 80 
(31)(3) 2 = 


(5) = 3 A 
= 279 W 


P 3.59 [a] After the 2012—8011—4012 wye is replaced by its equivalent delta, the circuit 

reduces to 


56 




Problems 


3-41 


Now the circuit can be reduced to 
44 Q 40 Q 



R c q = 44 + 280||92.5 = 113.53 Q 
i g = 5/113.53 = 44.04 mA 

i = (280/372.5) (44) = 33.11 mA 
^ 52.50 = (52.5) (33.11m) = 1.74 V 
i 0 = 1.74/210 = 8.28 mA 

[b] n 40 o = (40) (33.11 m) = 1.32 V 

ii = 1.32/56 = 23.65 mA 

[c] Now that i 0 and /, are known return to the original circuit 


56 Q 23.65mA 



isoo = 44.04 m — 23.65 m = 20.39 mA 
*200 = 23.65 m — 8.28 m = 15.37 mA 
*2 = *800 + *200 = 35.76 mA 


[d] Pdei = (5)(44.04 m) = 220.2 mW 
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P 3.60 [a] After the 30 12—60 12—10 12 delta is replaced by its equivalent wye, the circuit 

reduces to 



Use current division to calculate ip. 

h = 


- 22 + 18 -(5 A) = — (5 A) = 4 A 

22 + 18 + 4 + 6 v ; 50 v ; 


[b] Return to the original circuit and write a KVL equation around the upper left 

loop: 

(22 12)^220 + v — (412) (ii) = 0 

so v = (412) (4 A) — (2212) (5 A — 4 A) = —6 V 

[c] Write a KCL equation at the lower center node of the original circuit: 

v —6 

«2 = -= 4 4-= 3.9 A 

60 60 

[d] Write a KVL equation around the bottom loop of the original circuit: 

-v 5A + (412)(4 A) + (1012)(3.9 A) + (112)(5 A) = 0 

So, v 5A = (4)(4) + (10)(3.9) + (1)(5) = 60 V 
Thus, p 5A = (5 A) (60 V) = 300 W 

P 3.61 Subtracting Eq. 3.42 from Eq. 3.43 gives 

R\ R'2 = ( R c Rb ~~ RcR&)/(Ra + Rb + Rc). 


Adding this expression to Eq. 3.41 and solving for R\ gives 

R] = R c Rb/(Ra, + Rb + Rc)- 


To find R- 2 , subtract Eq. 3.43 from Eq. 3.41 and add this result to Eq. 3.42. To find 
R 3 , subtract Eq. 3.41 from Eq. 3.42 and add this result to Eq. 3.43. Using the hint, 
Eq. 3.43 becomes 

_ Rb[{R2 / Rs) Rb + (R 2 / Rl) Rb] _ 2?b(2?l + i?3)i?2 

( R2 / Ri)Rb + -Rb + (-R2/ Rs)Rb (-R1-R2 + -R2-R3 + -R3-R1) 



Problems 3-43 


P 3.62 


P 3.63 


Solving for R h gives R h = (R.\ R 2 + R 2 R 3 + R 3 Ri)/R 2 . To find R a : First use 
Eqs. 3.44-3.46 to obtain the ratios (Ri/R 3 ) = ( R c /R a ) or R c = (Ry/R 3 )R a and 
(R 1 /R 2 ) = (Ry/R a ) or Rb = (Ri / R‘i )-Ra• Now use these relationships to eliminate 
R h and R c from Eq. 3.42. To find R c , use Eqs. 3.44-3.46 to obtain the ratios 
Rb = (R 3 /R 2 )Rc and R a = {li 3 /R\ )R C . Now use the relationships to eliminate Ry 
and R a from Eq. 3.41. 


G a = — = 


1 

R a 


Ri 


R1R2 + R2R3 + R3R1 

l/Gi 


(1/Gi)(1/G 2 ) + (1/G 2 ){1/G 3 ) 4- (1/ G 3 ){1/Gi) 

( 1/G\)(G\G 2 G 3 ) _ G 2 G 3 

G\ + G 2 + G 3 Gi + G 2 + G 3 

Similar manipulations generate the expressions for Gy, and G c . 


[3] Rab — 2f?i + 


R 2 (2R\ + Ry) 
2Ry + R 2 + Ry 


= Rl 


Therefore 


2 R x -R l + R2{2R ‘ + Rl} = 0 
2Ry + R 2 + R l 


Thus Ry = 4 R\ + AR\R 2 = ARy(Ry + R 2 ) 

When R ah = Ry, the current into terminal a of the attenuator will be Vy/Ry 
Using current division, the current in the Ry branch will be 

Vi R-2 

Ry 2Ry + R 2 + Ry 

Vi R2 

Ry 2R\ + R 2 + Ry 

R2 


Therefore 


Vo = 


Rl 


an d ^ = _ 

Vy 2Ry + R 2 + Ry 

[b] (600) 2 = 4 (Ry + R 2 )Ry 

9 x 10 4 = R\ + RyR 2 

— = 0 6 = R ' 2 
Vy ’ 2Ry + R 2 + 600 

.-. + 0.6i? 2 + 360 = R 2 

0.4i? 2 = 1.2i?i 4- 360 


R 2 = 3 Ry + 900 

.-. 9 x 10 4 = R\ 4- Ry(3Ry + 900) = AR\ + 900f?i 
.'. R\ + 225 Ry - 22,500 = 0 
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Ri = -112.5 ± \J (112.5) 2 4- 22,500 = -112.5 ± 187.5 
.-. i?i = 75fi 

.-. R 2 = 3(75) + 900 = 112511 

.64 [a] After making the Y-to-A transformation, the circuit reduces to 

R 



Combining the parallel resistors reduces the circuit to 



Now note: 


0.757? + 


3 RR l 
3 7? + 7? L 


2.25 Rl + 3.75 RR L 
3 R + 


Therefore 7? a b 


/ 2.257?l + 3.75i?i7 L \ 

\ 3 R + / 

(2.23RI + 3.75/7/?! A 
\ 3 R + / 


377(37? + 57? l ) 
157? + 97 ? l 


When 7? ab = 7? L , we have 157?7? L + 977 l = 97? 2 + 157?7? L 
Therefore 7 ?l = 7? 2 or 7? L = 7? 



Problems 


3-45 


P 3.65 


[b] When R = Rl, the circuit reduces to 

'i 0.75R 



. _ h(3R L ) _ 1 _. _ 1 Vi 
l ° ~ 4.5/2 L ~ 1.5* 4 ~ 1.5 R l ’ 

Therefore — = 0.5 

Vi 

[a] 3.5(3/? - R l ) = 3R + R l 
10.5 R - 1050 = 3 R + 300 


v 0 = 0.75 R L i 0 = -v h 


7.5/2= 1350, R = 180 Q 
2(180)(300) 2 


Ri = 


3(180) 2 - (300) 2 


= 4500 n 


[b] 



Vi 42 

Vo = — = — = 12 V 
3 5 3 5 


to = = 40 mA 


12 
300 

42 - 12 30 


t\ = 


4500 4500 

42 


= 6.67 mA 


i„ = -= 140 mA 

9 300 


t 2 = 140 m — 6.67 m = 133.33 mA 
i 3 = 40 m — 6.67 m = 33.33 mA 


i 4 = 133.33 m — 33.33 m = 100 mA 
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.66 


P4500 top = (6.67 x 10 _3 ) 2 (4500) = 0.2 W 
P180 left = (133.33 x 10 _3 ) 2 (180) = 3.2 W 
Piso right = (33.33 x 10 _3 ) 2 (180) = 0.2 W 
Pl80 vertical = (100 X 10- 3 ) 2 (180) = 1.8 W 
P300 load = (40 x 10 _3 ) 2 (300) = 0.48 W 


The 180 12 resistor carrying i 2 dissipates the most power. 

[C] Pl80 left = 3.2 W 

[d] Two resistors dissipate minimum power - the 4500 Tt and the 180 Q carrying i : >. 

[e] Both resistors dissipate 0.2 W or 200 mW. 



^in-^4 


V, = 


Vb = 


R 0 + Ra + A R 
Rs 

-V;„ 


R -2 + R3 

Vo = V a ~ V h = 


Rphn 


Ra 


R q + i?4 + A R R'2 + Ra 

When the bridge is balanced, 

Ra _ R-3 

R 0 + RA Vin ~ R2 + R 3 V ' m 


t -2 -r 4T3 

_ Ra 

1 1., T Ra Ro + Ra 


14 

Ra 


Thus, 


RaV i, 


RaV i, 


R 0 + Ra T A R R q -T Ra 

1 1 


— RaV'ui 


R 0 + Ra + AR R 0 + Ra \ 

RAV in (-AR) 


(R 0 + Ra + A R)(R a + Ra) 
-(A R)R 4 v m 


(Ro + Ra) 2 



Problems 


P 3.67 


P 3.68 


[b] A R = 0.03 Ro 

R 2 R 4 (1000) (5000) 


R 0 = 


R :i 500 

->4\ 


= 10,00011 


A R = (0.03)(10 4 ) = 30011 
-300(5000) (6) 


(15,000)" 


= -40 mV 


[c] v 0 = 


_ ~(AR)R 4 v in _ 

( {R 0 + R& + AR)(R 0 + R 4 ) 
—300(5000)(6) 

(15,300) (15,000) 

-39.2157 mV 


[a] approx value = 


true value = 


-(AR)R 4 v in 
(Ro + Ra) 2 


-(A R)R 4 v 1] 


(R a + R 4 + A R)(R 0 + R 4 ) 
approx value ( R a + R 4 + A R) 


true value (R 0 + R 4 ) 

'R 0 + R 4 + AR 


error = 


R 0 + R 4 


AR 

x 100 = --— x 100 

R a + R 4 


But R n = 


R 2 Ra 


R.a 


error = 


R 3 AR 
R 4 (R 2 + R 3 


[b]%OTOr =A2&xioo = 


(5000)(1500) 


Ai?(i? 3 )(100) 
(R‘2 + Ra)Ra 

Ai?(500)(100) 
(1500)(5000) 


= 0.5 


= 0.5 


.'. AR = 75 H 


% change = x 100 = 0.75% 

JL \ J U 



3-48 CHAPTER 3. Simple Resistive Circuits 


P3.69 [a] From Eq 3.64 we have 

(ii\ 2 Rl 
W Rj(l+2a) 2 

Substituting into Eq 3.63 yields 

R Rl p 

Ra R\{l + 2af Rl 

Solving for R 2 yields 

R ‘2 = (1 + 2a) 2 Ri 

[b] From Eq 3.63 we have 

* 1 _ R-2 

ib Ri + R‘2 + 2R a 

But R 2 — (1 + 2a) 2 Ri and R a = aR 1 therefore 

ii (1 + 2 a) 2 Ri (l + 2cr) 2 

k ~ Ri + (1 + 2a) 2 R l + 2aR 1 ~ (1 + 2a) + (1 + 2<r) 2 

1 + 2 a 
“ 2(1 + a) 

It follows that 

fii\ 2 (1 + 2 tx) 2 

Vi b / 4(1 +a) 2 

Substituting into Eq 3.66 gives 

_ (l + 2a) 2 R a _ (1 + 2 a) 2 aR\ 
b ~ 4(1 +a) 2 “ 4(1 +a) 2 

P3.70 From Eq 3.69 

%i _ R 2 R 3 
i 3 D 

But D = ( Ri + 2R a ){R 2 + 2i? b ) T 2Ri>R 2 

where R a = aRp, R 2 — (1 + 2a) 2 Ri and R h = - - ^ aRl 

4(1 + ay 


Therefore D can be written as 
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P 3.71 


D 


{Ri + 2cr Ri) 
2(1 + 2afR l 


(1 + 2cr ) 2 i?i + 

(1 + 2o) 2 oRi 
4(1 +a) 2 


2(1 + 2 afaR l 
4(1 + a) 2 


(1 + 2 a) 3 R 2 


o (1 + 2a)a 

' 2(1 + o ) 2 ' 2(1 + a ) 2 


(1 + 2ofRl 

2(1 + a ) 2 
(1 + 2a) 3 Rj 
(1 + a) 2 


{2(l + cr) 2 + cr + (1 + 2cr )cr} 

{1 + 3(7 + 2a 2 } 


+ 


(1 + 2 a) 4 R 2 

(l + o-) 


+ _ -^ 2 ^ 3(1 + a ) 

" h (1 + 2 0 YR 2 

(1 + 2cr)^ R\R 3 (1 + cr) 

(1 + 2 aYR\ 

(1 + cr)R 3 
(1 + 2 o) 2 R 1 

When this result is substituted into Eq 3.69 we get 

(1 + afRlR, 

3 (1 + 2o) A R 2 

Solving for R 3 gives 

_(l + 2afR 1 
3 (l + <7) 2 


From the dimensional specifications, calculate a and R->: 
y 0.025 


a = — = 

x 


= 0.025; 


Calculate Ri from R.> and 0 : 

R 1 = ( 1 1 + C7 \ r 3 = 1.0372 Q 
(1 + 2cr) 4 3 

Calculate R a , R b , and R 2 : 

R a = a R 1 = 0.0259 


V? 12 2 

i? 3 = — =-= 1.2 

p 120 


(1 + 2cr) 2 cri?i 

Rb = = 0.0068 Q 

4(1 + cr) 2 
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R 2 = (1 + 2a) 2 R\ = 1.1435 ft 
Using symmetry, 

R a = R 2 = 1.1435 O R 5 = R 1 = 1.0372 Q 

R c = R b = 0.0068 U R d = R a = 0.0259 U 


Test the calculations by checking the power dissipated, which should be 120 W/m. 
Calculate D, then use Eqs. (3.58)-(3.60) to calculate i b , R, and i 2 : 

D = + 2R a )( K R 2 + 2 Rb) + 2R 2 R b = 1.2758 


Vdc(Rl + 7?2 + 2 R a ) _ 01 A 

D ““ 

= = 10.7561 A * 2 = V dc(/?i + 2i? a ) = A 

D " D 


It follows that ilR b = 3 W and the power dissipation per meter is 3/0.025 = 120 
W/m. The value of i\R\ = 120 W/m. The value of i\R 2 = 120 W/m. Finally, 
i\R a = 3 W/m. 

P 3.72 From the solution to Problem 3.71 we have ib = 21 A and i 3 = 10 A. By symmetry 
i c — 21 A thus the total current supplied by the 12 V source is 21 + 21 + 10 or 52 A. 
Therefore the total power delivered by the source is p\ 2 y (del) = (12) (52) = 624 W. 
We also have from the solution that p a = Pb = Pc = Pd = 3 W. Therefore the total 
power delivered to the vertical resistors is py = (8) (3) = 24 W. The total power 
delivered to the five horizontal resistors is pu = 5(120) = 600 W. 


P 3.73 


5j°diss = Pu + py = 624 W = ^JOdel 
[a] a = 0.03/1.5 = 0.02 

Since the power dissipation is 150 W/m the power dissipated in R% must be 
200(1.5) or 300 W. Therefore 


12 2 

R 3 = -= 0.48 Q 

d 300 

From Table 3.1 we have 


Ri = 


(1 + ct) 2 R 3 
(1 + 2(7 ) 4 


= 0.4269 n 


i? a = crRi = 0.0085 

R 2 = (1 + 2(7 ) 2 R l = 0.4617 ft 
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R}> — 


(1 + 2cr) 2 cr R\ 
4(1 + a) 2 


0.0022 n 


Therefore 

R a = R 2 = 0.4617 Q R 5 = R 1 = 0.4269 

R c = R h = 0.0022 Q R d =R a = 0.0085 

[b] D = [0.4269 + 2(0.0085)][0.4617 + 2(0.0022)] + 2(0.4617)(0.0022) = 0.2090 

= ——— = 26.51 A 

i\Ri = 300 W or 200 W/m 


*2 = 
i 2 2 R 2 
i\R* 


R\ + 2R a 
D 


K dc = 25.49 A 


= 300 W or 200 W/m 
= 6 W or 200 W/m 


*b = 


R.\ + + 2i/ a 


D 


Kdc = 52 A 


i 2 h R h = 6 W or 200 W/m 


= 52 + 52 + 


12 


0.48 

Pdei = 12(129) = 1548 W 
p H = 5(300) = 1500 W 


= 129 A 


p Y = 8(6) = 48 W 

EPdei = EPdiss = 1548W 
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Assessment Problems 


AP 4.1 [a] Redraw the circuit, labeling the reference node and the two node voltages: 

v i 5Q v 2 



The two node voltage equations are 


-15+ 

60 15 5 

c , v 2 v 2 - Vi 

5+ t + ^ 


0 

0 


Place these equations in standard form: 

l ’ 1 (Vffi4) + ” 2 (4) = 15 

”‘(4) + -(Vi) = - 5 

Solving, Vi = 60 V and v 2 = 10 V; 

Therefore, i\ = (iq — v 2 )/5 = 10 A 

[b] p 15A = -(15 A) Vl = -(15 A)(60 V) = -900 W = 900 W(delivered) 

[c] p 5 A = (5 A)v 2 = (5 A) (10 V) = 50 W= -50 W(delivered) 


4-1 
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AP 4.2 Redraw the circuit, choosing the node voltages and reference node as shown: 

v i 6Q ' 2Q + 4Q 


4.5 A© 



-va—^ m- 

-VA- 


+ 


3 : 

:1Q v : 

f 12Q (+ 

1 

f 



The two node voltage equations are: 

0 


—4.5 + — + — 

1 6 + 2 


v 2 v 2 - vi v 2 - 30 _ 

12 + 6 + 2 + 4 

Place these equations in standard form: 

uifl + 7^ + v 2 (W 


Vl 


111 
+ V2l ,12 + 8 + 4 


4.5 

7.5 


Solving, vi = 6 V v 2 — 18 V 

To find the voltage v, first find the current i through the series-connected 6 Q and 2 Q 
resistors: 

vi ~ v 2 6-18 

1 =-=-= -1.5 A 

6 + 2 8 

Using a KVL equation, calculate v: 

v = 2i + v 2 = 2(—1.5) + 18 = 15 V 

AP 4.3 [a] Redraw the circuit, choosing the node voltages and reference node as shown: 



The node voltage equations are: 

vi - 50 , vi , vi -v 2 

- -3*! = 0 


6 


+ vr + 


V 2 V 2 ~Vi 

-5 + — H---h 3*i - 


0 
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The dependent source requires the following constraint equation: 
50 - V\ 


Place these equations in standard form: 



Solving, V\ = 32 V; v 2 = 16 V; i\ = 3 A 

Using these values to calculate the power associated with each source: 

p 50V = -50*i = -150 W 
p 5 A = -5(n 2 ) = -SOW 

p'.in = 3*1 (u 2 - Vi) = -144 W 

[b] All three sources are delivering power to the circuit because the power 
computed in (a) for each of the sources is negative. 

AP 4.4 Redraw the circuit and label the reference node and the node at which the node 
voltage equation will be written: 


30Q 



The node voltage equation is 

Vo_ Vo - 10 Vo + 20? a _ 

40 + 10 20 


The constraint equation required by the dependent source is 


10 — v a 10 + 20?a 
*A = UOQ + *300 = -77;-b 


10 


30 


Place these equations in standard form: 
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v ° (.35 + To + 4 ) + !a(1) 


= 1 


10 


' M 20 \ 

+ ! A 1 _ 30 / 


i + l° 

30 


Solving, v Q = 24 V © = —3.2 A 

AP 4.5 Redraw the circuit identifying the three node voltages and the reference node: 


4.8 A© 



- YA - 

—o - 

-Wv- 

3 A 

'7.5Q ; 

MOQ : 

t2.5Q (± 

ix 




1 

f 


Note that the dependent voltage source and the node voltages v and v 2 form a 
supemode. The v\ node voltage equation is 


Vl 

7.5 


+ 


V\ — v 

2.5 


-4.8 


0 


The supemode equation is 

V — V\ V V2 V2 — 12 

-4“ — + — T- 

2.5 10 2.5 1 


The constraint equation due to the dependent source is 

Vl 


The constraint equation due to the supemode is 

v + i x = v 2 

Place this set of equations in standard form: 



tq(0) + u(l) + n 2 (—1) 

Solving this set of equations for v gives v — 8 V 


+ *x(0) 

+ i x ( 0) 

+ *x(l) 

+ *x(l) 


4.8 

12 

0 

0 


vi = 15 V, v 2 = 10 V, i x = 2 A 
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AP 4.6 Redraw the circuit identifying the reference node and the two unknown node 

voltages. Note that the right-most node voltage is the sum of the 60 V source and the 
dependent source voltage. 


6U 



The node voltage equation at v\ is 

v\ - 60 m vi - (60 + 6i 0 ) _ 

2 + 24 + 3 

The constraint equation due to the dependent source is 

60 + 6 id, — Vi 

H= 3 

Place these two equations in standard form: 

v i (2 + 24 + 3) + = 30 + 20 

v\ Q) + - 2) = 20 

Solving, Vi = 48 V ^ = -4 A 
AP 4.7 [a] Redraw the circuit identifying the three mesh currents: 

30Q 



The mesh current equations are: 

—80 + 5(ii — i 2 ) T 26(ii — i 3 ) = 0 
30?' 2 + 90(i 2 - h) + 5(i 2 - ii) = 0 
8i 3 + 26(i 3 - ii) + 90(i 3 - i 2 ) = 


0 
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Place these equations in standard form: 

31ii — 5i 2 — 26*3 = 80 

—5*i + 125*2 — 90*3 = 0 

—26*i — 90*2 + 124*3 = 0 

Solving, 

*i = 5 A; * 2 = 2 A; * 3 = 2.5 A 

Psov = —(80)*i = —(80)(5) = -400 W 

Therefore the 80 V source is delivering 400 W to the circuit. 

[b] Psn = ( 8)*3 = 8(2.5 ) 2 = 50 W, so the 8 resistor dissipates 50 W. 

AP 4.8 [a] b = 8 , n — 6 , b — n + 1 = 3 

[b] Redraw the circuit identifying the three mesh currents: 



The three mesh-current equations are 

—25 + 2(*i — * 2 ) + 5(*i — * 3 ) + 10 = 0 
+ 14*2 + 3(* 2 — *3) + 2(*2 — *1) = 0 

1*3 — 10 + 5(* 3 — *1) + 3(* 3 — *2) - 0 

The dependent source constraint equation is 

Vet , = 3(*3 - *2) 

Place these four equations in standard form: 

7*i - 2*2 - 5*3 + = 15 

-2*i + 19*2 - 3*3 + 3 Vej, = 0 

-5*i - 3*2 + 9*3 + On,^ = 10 

0*i + 3*2 — 3*3 + 1 Vef, = 0 

Solving 

*1 = 4 A; 


*2 = -1 A; 


*3 = 3 A; 


v<p = 12 V 
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p ds = —(—3t V )* 2 = 3(12)(—1) = -36 W 

Thus, the dependent source is delivering 36 W, or absorbing —36 W. 
AP 4.9 Redraw the circuit identifying the three mesh currents: 


2Q 



The mesh current equations are: 

—25 + 6(i a — i b ) + 8(i a — ,i c ) = 0 

2i h + 8(i b - i c ) + 6(i b - Q = 0 

5i^> T - 8(? c ^a) T ^ b ) — 0 

The dependent source constraint equation is i 0 = i :i . We can substitute this simple 
expression for i 0 into the third mesh equation and place the equations in standard 
form: 

14i a — 6i b — 8 i c = 25 
—6 i a + 16 i b — 8 i c = 0 
—3 i a — 8 i b + 16i c = 0 

Solving, 

i a = 4 A; i b = 2.5 A; i c = 2 A 


Thus, 

v 0 = 8(i a — i c ) = 8(4 — 2) = 16 V 

AP 4.10 Redraw the circuit identifying the mesh currents: 
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Since there is a current source on the perimeter of the * 3 mesh, we know that 
* 3 = —16 A. The remaining two mesh equations are 

—30 + 3ii + 2(*i — *2) + 6 *i = 0 
8*2 + 5 (* 2 + 16) + 4*2 + 2 (* 2 — * 1 ) = 0 

Place these equations in standard form: 

ll*i — 2*2 = 30 
—2*i +19*2 = —80 

Solving: i 1 — 2 A, * 2 = —4 A, * 3 = —16 A 

The current in the 2 resistor is *1 — *2 = 6 A p 2 n = (6) 2 (2) = 72 W 
Thus, the 2 Q resistors dissipates 72 W. 

AP 4.11 Redraw the circuit and identify the mesh currents: 


10A 



There are current sources on the perimeters of both the * b mesh and the * c mesh, so 
we know that 

* b = -10A; * c = 

5 

The remaining mesh current equation is 

-75 + 2(* a + 10) + 5(* a - O.4*; 0 ) = 0 

The dependent source requires the following constraint equation: 

V<t> = 5(* a - * c ) = 5(* a - O.4V0) 

Place the mesh current equation and the dependent source equation is standard form: 

7* a — 2-U0 = 55 
5* a - 3t>0 = 0 

Solving: * a = 15 A; * b = —10 A; * c = 10 A; v<p = 25 V 

Thus, * a = 15 A. 
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AP 4.12 Redraw the circuit and identify the mesh currents: 



The 2 A current source is shared by the meshes 4 and 4- Thus we combine these 
meshes to form a supermesh and write the following equation: 

—10 + 2 4 + 2(4 — 4) + 2(4 — 4) = 0 

The other mesh current equation is 

—6 + 14 + 2(4 — 4 ) + 2(4 - 4) = 0 

The supermesh constraint equation is 

4 4 2 


Place these three equations in standard form: 

24 + 44 — 44 = 10 

—24 — 24 + 54 = 6 

4 4 04 — 2 

Solving, 4 = 7 A; 4 = 5 A; 4 = 6 A 

Thus, pm = *c(l) = (6) 2 (1) = 36 W 

AP 4.13 Redraw the circuit and identify the reference node and the node voltage v \: 


15Q 

-vw 


Vx 10Q 
-AW- 



The node voltage equation is 


- 1 — 20 _2+ ,,1 ~ 2 A q 


15 


10 



4-10 CHAPTER 4. Techniques of Circuit Analysis 


Rearranging and solving, 


Vl 



0 20 

2 4-h 

15 


25 

10 


p 2A = -35(2) = -70 W 


Vl = 35 V 


Thus the 2 A current source delivers 70 W. 

AP 4.14 Redraw the circuit and identify the mesh currents: 


4A 



There is a current source on the perimeter of the 4 mesh, so i 3 = 4 A. The other two 
mesh current equations are 

— 128 4-4(4 — 4) 4-6(4 — 4) + 24 = 0 
304 4- 54 4- 6(4 - 4) 4- 3(4 - 4) = 0 

The constraint equation due to the dependent source is 

4 = 4 - 4 = 4 - 4 

Substitute the constraint equation into the second mesh equation and place the 
resulting two mesh equations in standard form: 

124 - 64 = 144 
244 + 144 = 132 
Solving, 

4 = 9 A; i 2 = -6 A; 4 = 4 A; i x = 9 — 4 = 5 A 


• v 4 a = 3(4 - 4) - 44 = 10 V 
IHa = -U4a(4) = —(10)(4) = -40 W 


Thus, the 2 A current source delivers 40 W. 



Problems 4-11 


AP 4.15 [a] Redraw the circuit with a helpful voltage and current labeled: 



Transform the 120 V source in series with the 20 0 resistor into a 6 A source in 
parallel with the 20 0 resistor. Also transform the —60 V source in series with 
the 5 0 resistor into a —12 A source in parallel with the 5 Q resistor. The result 
is the following circuit: 



Combine the three current sources into a single current source, using KCL, and 
combine the 20 Q, 5 0, and 6 f! resistors in parallel. The resulting circuit is 
shown on the left. To simplify the circuit further, transform the resulting 30 A 
source in parallel with the 2.4 fl resistor into a 72 V source in series with the 
2.4 Q resistor. Combine the 2.4 O resistor in series with the 1.6 0 resisor to get 
a very simple circuit that still maintains the voltage v. The resulting circuit is 
on the right. 

1.60 4fi 



Use voltage division in the circuit on the right to calculate v as follows: 

V = 4(72) = 48 V 

[b] Calculate i in the circuit on the right using Ohm’s law: 
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Now use i to calculate v a in the circuit on the left: 

v a = 6(1.6+ 8) = 57.6 V 


Returning back to the original circuit, note that the voltage v a is also the 
voltage drop across the series combination of the 120 V source and 20 f 1 
resistor. Use this fact to calculate the current in the 120 V source, i a : 


120 - v a _ 120 - 57.6 
20 ~~ 20 


3.12 A 


P120V = -(120)i a = —(120)(3.12) = -374.40 W 


Thus, the 120 V source delivers 374.4 W. 


AP 4.16 To find f? Th , replace the 72 V source with a short circuit: 


12Q 



Note that the 5 and 20 f! resistors are in parallel, with an equivalent resistance of 
51|20 = 4 U. The equivalent 4 Pi resistance is in series with the 8 Pi resistor for an 
equivalent resistance of 4 + 8 = 12 Finally, the 12 Pi equivalent resistance is in 
parallel with the 12 Pi resistor, so Rrh = 12|| 12 = 6 Pi. 

Use node voltage analysis to find v-rh- Begin by redrawing the circuit and labeling 
the node voltages: 


12Q 



The node voltage equations are 

Vl - 72 iq iq - V Th 
5 + 20 + 8 

r ; Th — r ; Th — 72 
8 12 


0 
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Place these equations in standard form: 

i,i G + G + D + t,Th (4) 
-(-I) ♦G + s) 


72 

5 

6 


Solving, vi = 60 V and nxh = 64.8 V. Therefore, the Thevenin equivalent circuit is 
a 64.8 V source in series with a 6 Q resistor. 


AP 4.17 We begin by performing a source transformation, turning the parallel combination of 
the 15 A source and 8 Q resistor into a series combination of a 120 V source and an 
8 Q resistor, as shown in the figure on the left. Next, combine the 2 O, 8 0 and 10 Q 
resistors in series to give an equivalent 20 f1 resistance. Then transform the series 
combination of the 120 V source and the 20 Q equivalent resistance into a parallel 
combination of a 6 A source and a 20 Q resistor, as shown in the figure on the right. 


-Wv- 

8Q 


J Wr- 

2fi 


12 0 V© 



—Wv— 

ion 


a 



Finally, combine the 20 Q and 12 Q parallel resistors to give T?n = 20|| 12 = 7.5 0. 
Thus, the Norton equivalent circuit is the parallel combination of a 6 A source and a 
7.5 Q resistor. 


AP 4.18 Find the Thevenin equivalent with respect to A, B using source transformations. To 
begin, convert the series combination of the —36 V source and 12 kQ resistor into a 
parallel combination of a —3 mA source and 12 kQ resistor. The resulting circuit is 
shown below: 


15kQ 





1 -VA- 

©3mA < 

t12kQ ( 

pi 8mA 5 

t60kQ 


Now combine the two parallel current sources and the two parallel resistors to give a 
—3 + 18 = 15 mA source in parallel with a 12 k||60 k= 10 kQ resistor. Then 
transform the 15 mA source in parallel with the 10 kQ resistor into a 150 V source in 
series with a 10 kQ resistor, and combine this 10 kQ resistor in series with the 15 kQ 
resistor. The Thevenin equivalent is thus a 150 V source in series with a 25 kQ 
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resistor, as seen to the left of the terminals A,B in the circuit below. 


25kQ A 

-VA- 



100kQ 


Now attach the voltmeter, modeled as a 100 kfl resistor, to the Thevenin equivalent 
and use voltage division to calculate the meter reading r> AB : 


VAB 


100,000 

125,000 


(150) 


120 V 


AP 4.19 Begin by calculating the open circuit voltage, which is also u Th , from the circuit 
below: 



Summing the currents away from the node labeled t’Tti We have 


^Th 

~~ 8 ~ 


+ 4 + 3 i x + 


n T h — 24 
2 


0 


Also, using Ohm’s law for the 8 il resistor, 

^Th 


l 


X 


8 


Substituting the second equation into the first and solving for u Th yields u Th = 8 V. 


Now calculate Rjh • To do this, we use the test source method. Replace the voltage 
source with a short circuit, the current source with an open circuit, and apply the test 
voltage vt, as shown in the circuit below: 
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Write a KCL equation at the middle node: 

= U + 3 i x + vt/ 2 = 4i x + vt/2 

Use Ohm’s law to determine i x as a function of vt: 

i x = v t /8 

Substitute the second equation into the first equation: 

ij' = 4(?>p/8) T vt/2 = ut 

Thus, 


Rt\i — r>T /?t — 10 

The Thevenin equivalent is an 8 V source in series with a 1 0 resistor. 

AP 4.20 Begin by calculating the open circuit voltage, which is also n Th , using the node 
voltaae method in the circuit below: 



The node voltage equations are 

v v- pTh + 160^) 1 _ Q 

60 + 20 ’ 
^Th ^Th VTh + 160?a - V _ „ 

40 + 80 + 20 " 

The dependent source constraint equation is 




^Th 

40 
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Substitute the constraint equation into the node voltage equations and put the two 
equations in standard form: 

v(— + —) + VThf- —) = 4 

V60 20/ V 20/ 

”(“4) + ! ' Th (i5 + ^ + ^) = 0 

Solving, v = 172.5 V and n Th = 30 V. 

Now use the test source method to calculate the test current and thus R Th . Replace 
the current source with a short circuit and apply the test source to get the following 
circuit: 



t’T Vj vt + 160 ?'a 

It z= — -)- — -f-- 

80 40 80 

The dependent source constraint equation is 



Substitute the constraint equation into the KCL equation and simplify the right-hand 
side: 


Vt 

— — 

10 

Therefore, 

Vt „ 

Rt h = “— = 10 Pi 
%t 

Thus, the Thevenin equivalent is a 30 V source in series with a 10 1 1 resistor. 

AP 4.21 First find the Thevenin equivalent circuit. To find i' Tll , create an open circuit 
between nodes a and b and use the node voltage method with the circuit 
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below: 



The node voltage equations are: 

V T h - (100 + v$) VTh - Vl _ 0 

4 4 

v\ — 100 V\ — 20 v\ — uxh 

+ ^ -— = 0 
4 4 4 

The dependent source constraint equation is 

v </, = Vi - 20 

Place these three equations in standard form: 

” Th G + i) + + ”*(“D = 25 

i,Th (“4) +1,1 (4 4 4) + "» ,0) = 30 

v T h (0) + vi (1) + V'f, (-1) = 20 

Solving, vxh = 120 V, vi = 80 V, and v<p = 60 V. 

Now create a short circuit between nodes a and b and use the mesh current method 
with the circuit below: 



The mesh current equations are 

—100 + 4(ii — i 2 ) + Vfp + 20 = 0 
-Vtj, + 4i 2 + 4(i 2 - i sc ) + 4(i 2 - ii) = 0 
-20 -v ft> + 4(4 C - i 2 ) = 0 
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The dependent source constraint equation is 


v = 4(ii - i sc ) 


Place these four equations in standard form: 

4*i - 4i 2 + 0* sc + = 80 

-4*i + 12*2 - 4* sc - = 0 

0*i - 4*2 + 4* sc - = 20 

4*i + 0*2 - 4* sc - Vtf, = 0 

Solving, *i = 45 A, * 2 = 30 A, * sc = 40 A, and v<f, = 20 V. Thus, 


p _ y Th _ 

r<Th — -— — 


120 

40~ 


= 30 


[a] For maximum power transfer, R = R Th = 30 

[b] The Thevenin voltage, n Th = 120 V, splits equally between the Thevenin 

resistance and the load resistance, so 

120 


^load 


Therefore, 


= 60 V 


Pmax — 


^load 

-Rload 


60 2 


= 1200 W 


AP 4.22 Sustituting the value R = 3 O into the circuit and identifying three mesh currents we 
have the circuit below: 





The mesh current equations are: 

—100 + 4(*i — *2) + Vfj ) + 20 = 0 
— Vcf ) + 4*2 + 4(*2 — *3) + 4(*2 — *l) = 0 

—20 — + 4(* 3 — *2) + 3*3 = 0 
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The dependent source constraint equation is 

v 4 , = 4(*i - i 3 ) 

Place these four equations in standard form: 

4*i - 4*2 + 0*3 + v$ = 80 

-4*i + 12*2 - 4*3 - = 0 

0*i - 4*2 + 7*3 - = 20 

4*i + 0*2 - 4*3 - = 0 

Solving, *1 = 30 A, * 2 = 20 A, * 3 = 20 A, and = 40 V. 

[a] Pioov = —(100)*i = —(100)(30) = —3000 W. Thus, the 100 V source is 

delivering 3000 W. 

[b] Pdepsource = —'^2 = —(40) (20) = —800 W. Thus, the dependent source is 

delivering 800 W. 

[c] From Assessment Problem 4.21(b), the power delivered to the load resistor is 

1200 W, so the load power is (1200/3800)100 = 31.58% of the combined 
power generated by the 100 V source and the dependent source. 
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Problems 



[a] 11 branches, 8 branches with resistors, 2 branches with independent sources, 1 

branch with a dependent source 

[b] The current is unknown in every branch except the one containing the 8 A 

current source, so the current is unknown in 10 branches. 

[c] 9 essential branches - R± — R$ forms an essential branch as does Rg — 10 V. The 

remaining seven branches are essential branches that contain a single element. 

[d] The current is known only in the essential branch containing the current source, 

and is unknown in the remaining 8 essential branches 

[e] From the figure there are 6 nodes - three identified by rectangular boxes, two 

identified with single black dots, and one identified by a triangle. 

m There are 4 essential nodes, three identified with rectangular boxes and one 
identified with a triangle 

[g] A mesh is like a window pane, and as can be seen from the figure there are 6 
window panes or meshes. 

P 4.2 R] 
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[a] 

[b] 

[c] 

[d] 


P 4.3 [a] 
[b] 


[c] 

[d] 

P 4.4 [a] 

[b] 


[c] 


As can be seen from the figure, the circuit has 2 separate parts. 

There are 5 nodes - the four black dots and the node betweem the voltage 
source and the resistor R\. 

There are 7 branches, each containing one of the seven circuit components. 

When a conductor joins the lower nodes of the two separate parts, there is now 
only a single part in the circuit. There would now be 4 nodes, because the two 
lower nodes are now joined as a single node. The number of branches remains 
at 7, where each branch contains one of the seven individual circuit 
components. 

From Problem 4.1(d) there are 8 essential branches were the current is 
unknown, so we need 8 simultaneous equations to describe the circuit. 

From Problem 4.1(f), there are 4 essential nodes, so we can apply KCL at 
(4 — 1) = 3 of these essential nodes. These would also be a dependent source 
constraint equation. 

The remaining 4 equations needed to describe the circuit will be derived from 
KVL equations. 

We must avoid using the topmost mesh and the leftmost mesh. Each of these 
meshes contains a current source, and we have no way of determining the 
voltage drop across a current source. 

There are six circuit components, five resistors and the current source. Since the 
current is known only in the current source, it is unknown in the five resistors. 
Therefore there are five unknown currents. 

There are four essential nodes in this circuit, identified by the dark black dots in 
Fig. P4.4. At three of these nodes you can write KCL equations that will be 
independent of one another. A KCL equation at the fourth node would be 
dependent on the first three. Therefore there are three independent KCL 
equations. 



Sum the currents at any three of the four essential nodes a, b, c, and d. Using 
nodes a, b, and c we get 

— ig + i\ + *2 = 0 
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P 4.5 


—i\ + i 4 + i 3 — 0 
*5 - k ~ h = o 

[d] There are three meshes in this circuit: one on the left with the components i g , 

R\, and f? 4 ; one on the top right with components R\, R 2 , and R 3 ; and one on 
the bottom right with components R 3 , f? 4 , and R 5 . We cannot write a KVL 
equation for the left mesh because we don’t know the voltage drop across the 
current source. Therefore, we can write KVL equations for the two meshes on 
the right, giving a total of two independent KVL equations. 

[e] Sum the voltages around two independent closed paths, avoiding a path that 

contains the independent current source since the voltage across the current 
source is not known. Using the upper and lower meshes formed by the five 
resistors gives 

R\i\ + R 3 i 3 — R 2 k = 0 
R 3 i 3 + R§i 3 — f? 4 i 4 = 0 


1 r 2 2 



I-VA—-1 



>'2 


R i: 

M . M 

^ R 3 : 1 


Tii 1 3 T 

-( 

-> 


3 


[a] At node 1: — i g + i\ + i 2 — 0 

At node 2: — i 2 + ij, + U = 0 

At node 3: i g — i\ — i 3 — i 4 = 0 

[b] There are many possible solutions. For example, solve the equation at node 1 

for i g \ 

ig — iiE *2 

Substitute this expression for i g into the equation at node 3: 

(ii + *2) — *i — *3 — *4 = 0 so i 2 - i 3 - u = 0 
Multiply this last equation by -1 to get the equation at node 2: 

— (*2 — *3 — *4) = — 0 so —i 2 + 13 + i 4 = 0 
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Note that we have chosen the lower node as the reference node, and that the voltage 
at the upper node with respect to the reference node is v () . Write a KCL equation 


(node voltage equation)by summing the currents leaving the upper node: 


Vo + 25 Vo_ 
120 + 5 + 25 


+ 0.04 


0 


Solve by multiplying both sides of the KCL equation by 125 and collecting the 
terms involving v Q on one side of the equation and the constants on the other side of 
the equation: 

v Q + 25 + 5v 0 + 5 = 0 6v 0 — — 30 so v a — — 30/6 = — 5 V 


P 4.7 [a] From the solution to Problem 4.6 we know v a = —5 V; therefore 
P40mA=(-5)(0.04) = -0.2W 
The power developed by the 40 mA source is 200 mW 

[b] The current into the negative terminal of the 25 V source in the figure of 
Problem 4.6 is 

i g = (—5 + 25)/125 = 160 mA 

The power in the 25 V source is 

P25V = —(25)(0.16) = -4W 

The power developed by the 25 V source is 4 W 


[c] p 5n = (0.16) 2 (5) = 128 mW 

Pi 2 on = (0.16) 2 (120) = 3.072 W 

P25C1 = (-5) 2 /25 = 1 W 

X>dis = 0.128 + 3.072 + 1 = 4.2 W 
5>dev = 0.2 + 4 = 4.2 W (checks!) 
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Solving, 

v Q + 25 + 5 v 0 + 5 = 0 6 v 0 = —30 so v 0 = —5 V 

[b] Let v x = voltage drop across 40 mA source: 

v x = v 0 - (100) (0.04) = -5 - 4 = -9 V 

P40mA = (—9) (0.04) = —360 mW 

The power developed by the 40 mA source is 360 mW 

[c] Let i g = current into negative terminal of 25 V source: 

i g = (-5 + 25)/125 = 160 mA 

P25V = —(25)(0.16) = -4W 

The power developed by the 25 V source is 4 W 

[d] p m = (0.16) 2 (5) = 128 mW 

Pnon = (0.16) 2 (120) = 3.072 W 

P2sn = (-5) 2 /25 = 1 W 
Pioon = (0.04)2(100) = 160 mW 

5> dis = 0.128 + 3.072 + 1 + 0.160 = 4.36 W 
J^Pdev = 0.360 + 4 = 4.36 W (checks!) 

[e] v Q is independent of any finite resistance connected in series with the 40 mA 

current source 

P 4.9 



Place these equations in standard form: 


"'Gi+D +1,2 (4) = 6 

Vit- 1 ) + V 2 (- + — + —) = -1 

V 8 J V8 80 120/ 

Solving, vi = 120 V and v 2 = 96 V. 

Check this result by calculating the power associated with each component: 




Problems 4-25 


P 4.10 [a] 
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[b] Psources = P44V + P 2 V = -(44)* a - (2)* e = -(44)(8) - (2)(4) = -352 - 8 = 

Thus, the power developed in the circuit is 360 W. Note that the resistors 
cannot develop power! 


P4.ll [a] 



N/ 

16H 


Vi - 110 v 1 - v 2 Vi~V 3 

- -t- - - ( -—— = 0 so 11m - 2 m - v 3 = 880 

Z o lO 

V2 ~ Vi V 2 V 2 ~ V S 


+ J + 


24 


= 0 


so 


-3m + 12m — v 3 — o 


m + 110 V 3 — Vo V 3 — lU 

—- = 0 so -3m - 2m + 29m = -2640 
2 24 16 

Solving, m = 74.64 V; v 2 = 11.79 V; v 3 = -82.5 V 

110 — Vi m — vo 

Thus, ii = --—- = 17.68 A i 4 = n = 7.86 A 


• _V 2 — m _ „ QQ A 

z 5 — 24 — ^-93 A 


Vo 

12 = i; = 3.93 A 

o 

^3 t no 1Q7e . A . V\ m 

1 3 = -= 13.75 A if. = -= 9.82 A 

2 16 

[b] J2 p dev = 110*1 + 110*3 = 3457.14 W 

= i\{ 2) + *1(3) + *1(2) + *1(8) + *|(24) + *§(16) = 3457.14 W 


P 4.12 



The two node voltage equations are: 

vy — 150 m — m 


20 + 80 + 40 

Vo — Vi Vo 

— -- - 11.25 + — 

4 


0 


360 W 


40 


0 
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Place these equations in standard form: 



P 4.13 


Solving, v x = 100 V; v 2 = 50 V 



150 

"20" 

11.25 


At v Q : 


no v 0 - 45 
+ 50 + 4 + 1 


0 


Solving, v 0 = 50 V 


P2A = -(50)(2) = -100W 


Thus, the 2 A current source delivers 100 W, or the current source extracts —100 W 
from the circuit. 



The three node voltage equations are: 

V\ 40 vi v x — v 2 _ 

4 + 40 + 2 

+ - - d - 28 = 0 

V;> V 3 — Vo 

-77 H————- + 28 = 0 

2 4 

Place these equations in standard form: 

1' 


'111 

U + 40 + 2 
1 


Vl '2 


m(0) 


+ V 2 


1 1 
+ , +2 + 4 


+ V 2 


+ 


+ 


+ 


v 3 (0) 



40 

T 

28 

-28 
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P 4.15 


Solving, Vl = 60 V; v 2 = 73 V; v 3 = -13 V. 

P 28 A = -v a (28 A) = ~(v 2 - v 3 )(28 A) = -(73 + 13) (28) = -2408 W 


The 28 A source delivers 2408 W. 


5 A 



The node voltage equations are: 

vi + 40 vi vi - v 2 

-T — A 5 4~- 

12 25 20 


0 


V2 - Vl V2 - V3 
20 40 

v 3 : v 3 - v 2 


— + 
40 


40 


7.5-5 = 0 

+ 7.5 = 0 


Place these equations in standard form: 

t ’ I (r2 + ^ + ^) + 77 

fl + 1 


vi - 


20 


+ v 2 


rq(0) 


V20 40 

f 1 

+ v 2 I- 

V 40 


+ u 3 (0) 

+ 1,3 (is) 

+ v 3 (— + —^) 

3 V40 40/ 


Solving, vi = -10 V; v 2 = 132 V; v 3 = -84 V. 
Find the power: 

i 40V = (—10 + 40)/12 = 2.5 A 
p 40V = —(2.5)(40) = -100 W (del) 
p 5A = (5)(—10 — 132) = —710 W (del) 

p 7 5A = (7.5)(-84- 132) = -1620 W (del) 

Pun = (-10 + 40) 2 /12 = 75 W (abs) 

= (-10)725 = 4W (abs) 


4 
1 


12.5 


-7.5 


P 250 


O I CM 
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p 2m = (132 + 10) 2 /20 = 1008.2 W (abs) 
p 40 o = (132 + 84)740 = 1166.4 W (abs) 

P 4 on = (-84)740 = 176.4 W (abs) 

5>diss = 75 + 4 + 1008.2 + 1166.4 + 176.4 = 2430 W 

YjPdav = 100 + 710 + 1620 W = 2430 W (CHECKS) 


P 4.16 [a] 


Vo - V\ , Vo - v 2 , Vo - v 3 


H-+ 


R R R R 

.'. nv 0 — Vi + v 2 + v 3 4 - h v n 

• v 0 = -[vi + v 2 + v 3 -\ - h v n ] = - V" v k 

T) 71 Z —'«=1 


[b] v 0 = -(120 + 60 - 30) = 50 V 

o 


P 4.17 [a] 


- 1 

+ 

f - Y -vvv 

I) 

Moon 1 (: 


r>6.25i A 


7) 45V 


The node voltage equation is: 

-0.45 + - 6 - 25ia + ^1! = Q 

100 5 25 

The dependent source constraint equation is: 

45 - v 0 

i/\ =- 

25 

Place these equations in standard form: 

(l 1 1 \ . ( 6.25 \ 

v ° (too + 5 + 25 ) + “ 

/ 1 \ . 


+ 0.45 


+ *a( 1 ) 


Solving, v Q — 15 V; ?a — 1.2 A 

rK1 . Vo - 6.25?' A 15-7.5 

[b] ? ds =-g-=-g-= 1.5 A 

Pds = [6.25(1.2)](1.5) = 11.25 W 

Thus, the dependent source absorbs 11.25 W 
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[C] P 450 mA = —(0.45)(15) = -6.75 W 
P45V = —(1-2) (45) = —54W 
Y,Pdev = 6.75 + 54 = 60.75 W 
Thus the independent sources develop 60.75 W 
Also, 

'^2’Pdis = Pds + PlOOO + P5CI + P25CI 

= 11.25 + (15)7100 + (1.5) 2 (5) + (1.2)2(25) 

= 11.25 + 2.25 + 11.25 + 36 = 60.75 W (checks!) 


P 4.18 [a] 



The node voltage equations are: 

Vi V! V 2 

— oXq - 

20 5 


v 2 


- Vi ^2 V2 - V3 
5 + 40 + 10 


V 3 - V 2 V3_ 


10 


ll-5( 0 V3_ 


96 


0 

0 

0 


The dependent source constraint equation is: 

to = V 2 /4Q 

Place these equations in standard form: 



th(0) +v 2 


+ ^(0) + ( 0 (1) 


Solving, Vl = 156 V; v 2 = 120 V; 


0 

0 

96 

4 

0 


^3 = 78 V; 


i Q = 3 A 
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[b] Calculate the power: 

Pcccs = -[5(3)](156) =-2340 W 

P2on = (156) 2 /20 = 1216.8 W 
Pm = (156 - 120)75 = 259.2 W 
P4oo = (120)740 = 360 W 
p im = (120 - 78)710 = 176.4 W 
p m = (78 - 11.5 • 3)75 = 378.45 W 
p 4n = (78 - 96)74 = 81 W 
p 96V = [(78 - 96)/4] (96) = -432 W 

Pccv S = [(78-3- 11.5)/5](ll. 5-3) = 300.15 W 

5>dev = 2340 + 432 = 2772 W 

5> dis = 1216.8 + 259.2 + 360 + 176.4 + 378.45 + 81 + 300.15 = 2772 W 
(checks) 

Thus, the circuit dissipates 2772 W 


P 4.19 



1501 

(7 


The node voltage equation is 
Vo - 160 Vo_ Vq - 150iq _ 

10 + 100 + 30 + 20 

The dependent source constraint equation is: 


In = 


100 


Place these equations in standard form: 

150 

77 

+ 7(i) 


1 

1 

1 \ 

—— + 


+ — + 

10 

100 

50/ 

1 \ 

100 / 


+ 


160 

17 

0 


Solving, v 0 = 100 V; i a = — 1 A 
Now find the power: 


In = 


160 - 100 
10 


1 = 5 A 


Pds = [150(—1)](5) = —750 W. 

Thus, the dependent source delivers 750 W 
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4.20 [a] 



The node voltage equations are: 


-25 + 


Vl 

40 


v 2 -vi 

10 r 


Vl Vl - V2 

+ 160 + 10 
v 2 v 2 - 84 i A 
20 + 8 


0 

0 


The dependent source constraint equation is: 

i A = /160 

Place these three equations in standard form: 

+ „ (- 1 


Vl 


Vl 


Vl 


1 

40 


1 

160 


1 

10 


1 

To 

1 


+ V 2 


10 

111 
To + 20 + 8 


160 


+ 


+2(0) 


+ *a(0) 



+ *a(1) 


25 

0 

0 


Solving, vi = 352 V; v 2 = 212 V; i A = 2.2 A 

Now calculate the power. Only the two sources can develop power, so focus on 

the sources: 


p 25A = —(352)(25) = —8800 W 


*dep source - {v 2 — 84*a)/8 — (212 — 84 • 2.2)/8 — 3.4 A 

Pdep source = (84 • 2.2) (3.4) = 628.32 W 

Thus, only the current source develops power, so the total power developed in 
the circuit is 8800 W 

[b] The dependent source and all of the resistors dissipate the power developed by 
the current source. Check that the power developed equals the power 
dissipated: 

p 40n = (352) 2 /40 = 3097.6 W 
Pieon = (352)7160 = 774.4 W 
Pi 0n = (352 - 212)710 = 1960 W 
p 20n = (212)720 = 2247.2 W 
p m = (212 - 84 • 2.2)78 = 92.48 W 

]>>iss = 628.32 + 3097.6 + 774.4 + 1960 + 2247.2 + 92.48 = 8800 W so the 
power balances. 
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P 4.21 



The two node voltage equations are: 

vi - 40 vi vi - v 2 _ 

5 + 50 + 10 ' ~ 

+ ^ + = o 

10 40 8 

Place these equations in standard form: 
/II 1 \ / 1 \ 


111 
5 + 50 + 10 


+ v 2 



+ v 2 


VlO + 40 + 8/ 


Solving, v x = 50 V; v 2 = 80 V. 

Thus, v 0 = vi - 40 = 50 - 40 = 10 V. 

POWER CHECK: 

ig = (50 -40)/5 + (80 -40)/8 = 7 A 
p 40V = (40) (7) = 280 W (abs) 
p 5 n = (50 -40) 2 /5 = 20W (abs) 
p sn = (80 - 40)78 = 200 W (abs) 
Pwn = (80-50)710 = 90 W (abs) 

p 5 on = 50750 = 50 W (abs) 

P 4 oo = 80740 = 160 W (abs) 
p 10A = -(80)(10) =-800W (del) 


40 


5 



5jo abs = 280 + 20 + 200 + 90 + 50 + 160 = 800 W = ]>jy del 
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P4.22 



The node voltage equations are: 

vi ~ 2.26 vi - v 2 v\ _ 

20 50 + 25 

v 2 - 2.26 v 2 - vi v 2 _ Q 

40 50 + 100 

Place these equations in standard form: 


Vi 

Vi 

Solving, 

Thus, 


1 1 

20 + 50 
1 

_ 50, 


1 

25 


+ v 2 \- 


1 

50 


+ M Jo + ^3 


1 

100 


v x = 1.3 V; v 2 = 1.5 V. 


1o = 


t’l — v 2 1.3 — 1.5 


50 


50 


= -4 mA 


P 4.23 [a] 



2.26 

20 

2.26 

~ 40 ~ 


The node voltage equations are: 
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V '2 — 230 ^ V 2 — v 4 + V 2 — Vs 


V3 ~ V 2 V3 - V5 V3 
1 1 + 1 
v 4 — 230 v 4 — v 2 v 4 — v 5 
5+1 + I + 2 

V5 - V 4 V5 - V3 v 5 


5 + 1 


0 

0 

0 

0 


Place these equations in standard form: 

v 2 (l + 1 + 1) + n 3 (—1) + n 4 (—1) + n 5 (0) 
u 2 (-l) + u 3 (l + 1 + 1) + u 4 (0) + v 5 (-l) 
u 2 (-l) + u 3 (0) + v * Q + 1 + + v 5 

^2(0) + U 3 (-l) + V4 ( _ ^) + V $ Q + 1 + 


230 

0 

230 

IT" 

0 


Solving, v 2 = 150 V; v 3 = 80 V; v 4 = 140 V; 

Find the power dissipated by the 2 ff resistor: 


v 4 — v 5 140 — 90 

*20 = —2— = -2- 

P 20 = (25) 2 (2) = 1250 W 


= 25 A 


v 5 


[b] Find the power developed by the 230 V source: 

_ v 2 - 230 v 4 - 230 _ 

* 2 3 ov —- z -t---— —80 — 15 — —95 A 

1 o 


90 V 


p 230 v = (230) (—95) = —21,850 W, so the source supplies 21,850 W 
Check: 



E p dis = (80) 2 (1) + (15) 2 (1) + (15) 2 (5) + (70) 2 (1) + (10) 2 (1) 

+ (25) 2 (2) + (10) 2 (1) + (80) 2 (1) + (15) 2 (5) + (15) 2 (1) 
= 21,850 W(checks) 
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P4.24 [a] 



16n a = 320 


There is only one node voltage equation: 

v a + 30 v a v a — 80 ^ _ 

—-h — + —-b 0.01 = 0 

5000 500 1000 

Solving, 

v a + 30 + 10'6'a + 5v a — 400 + 50 = 0 so 1 6v a = 320 
v a = 20V 

Calculate the currents: 

H = (-30 - 20)/5000 = -10 mA 

i 2 = 20/500 = 40 mA 

* 4 = 80/4000 = 20 mA 

i 5 = (80 -20)/1000 = 60 mA 

^3 + U + ib ~ 10 mA = 0 so i 3 — 0.01 — 0.02 — 0.06 = —0.07 = 


-70 mA 


[b] psov = (30)(-0.01) =-0.3 W 

PiomA = (20 - 80)(0.01) = -0.6 W 

p 80V = (80)(-0.07) =-5.6 W 

p 5k = (—0.01) 2 (5000) = 0.5 W 
P50on = (0.04) 2 (500) = 0.8 W 

p lk = (80 - 20) 2 /(1000) = 3.6 W 
p 4k = (80)2/(4000) = 1.6 W 

5>abs = 0.5 + 0.8 + 3.6 + 1.6 = 6.5 W 
J2pdei = 0.3 + 0.6 + 5.6 = 6.5 W (checks!) 
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P 4.25 - v x + 



The two node voltage equations are: 


—2v x + 


„ v h v h — v c 

7+ — + —-- 

3 1 

Vc - Vb Vc - 4 

1 + 2 


0 

0 


The constraint equation for the dependent source is: 

v x = v c - 4 

Place these equations in standard form: 

v b Q + i) + v c (-l) + u x (0) = -7 

u b (-l) + v c (l + ^ + v x (—2) = ^ 

v h (0) + u c (l) + v x (-l) = 4 

Solving, v Q = v h = 1.5 V Also, v c = 9 V and v x — 5 V. 

P 4.26 



55fi 


This circuit has a supernode includes the nodes iq, v 2 and the 25 V source. The 
supemode equation is 

V\ Vo Vo 

2 + — + — +--— = 0 

50 150 20 + 55 

The supemode constraint equation is 


v 2 + 25 = Vi 


Place these two equations in standard form: 
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vi(-) + v 2 (— + —) = -2 
V50/ " V150 75/ 

ui(l) + v 2 (-l) = 25 

Solving, V\ = -37.5 V and v 2 = -62.5 V. 

P25V = (25)i25 

37 3 

i 25 = -2 A - i 50 = -2 A - — = 2 A - -—- = _ 2 A + 0.75 A = -1.25 A 

50 50 

Thus, P 25 V = (25)(-1.25) = -31.25 W 


The 25 V source delivers 31.25 W. 


P 4.27 



The supemode equation is: 

Vi - 100 Ul Vl - ^A Vi - 4t>A _ 

10 + 60 + 20 30 


The constraint equation for the dependent source is: 

4ua = vi- va 

Place these equations in standard form: 


VlO + 60 + 20 + 30/ + ? ’ A V 20 ~~ 30 


100 

TcT 


fi(l) + va(-5) = 0 

Solving, Vl = 75 V; v A = 15 V 
Thus, v CJ = 100 - ui = 25 V 


P 4.28 Calculate currents and voltages needed to calculate the power for the various 


components: 



y A _ 

y 3 _ 

f> 

8 


40. 

40 

-3.3) 


= y<- 



40 . 

Vl 

= va + 



81.6-108 

8 

= -44 V 
= 81.6-44 


-3.3 A 


37.6 V 
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v 3 + v A = 120 v A = 120- 108 = 12 V 


1.75'6’a 

A 20 V 

+CVS 


(1.75)(12) = 21 A 

Vl - 120 v 3 - 120 37.6 - 120 108 - 120 


0 - t’l V 2 - V! 

20 4 


4 + 2 

-37.6 120 - 37.6 

+ -;- 


20 


= -26.6 A 
= 18.72 A 


Now calculate the power associated with each circuit element: 

P2on = (37.6) 2 /20 = 70.688 W 
p 4n = (37.6 - 120)74 = 1697.44 W 
P120V = (120)(—26.6) = —3192W 

p 2Q = (12)72 = 72 W 
P4oo = (108)740 = 291.6 W 
p m = (108 -81.6)78 = 87.12 W 
p sm = (81.6)780 = 83.232 W 

p vccs = (81.6)[1.75(12)] = 1713.6 W EPabs = El>dei = 4015.6 W 
p ccvs = (18.72)(-44) = -823.68 W 


Now sum the powers: 

5>totai = 70.688 + 1697.44 - 3192 + 72 + 291.6 + 87.12 
+83.232 + 1712.6 - 823.68 = 0 W 

Thus, the power balances and the staff analyst has correctly calculated the voltage 
values 


P 4.29 



The supemode equation is: 

Vl Vl - 60 t>3 - 1’2 V3_ 

100 + 10 20 + 400 


0.625v a 


The node voltage equation at v 2 is: 


0 
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Vo — 60 Vo Vo — Vo 

— -+ — + —-- = 0 

5 200 20 

The supemode constraint equation is: 

vs - Vi = 175i^ 

The two dependent source constraint equations are: 

V A = V 2 - 60 
'C = -v 2 /200 

Place the four equations above in standard form: 

(i5o + l^)) +1,2 ( _ ^)) +1,3 (i5o + ^)) + i,,(0) + ” a(_0 ' 628) = “ 

60 

¥ 

= o 


, ’ l(0) + ” 2 G + So + G) + l ’ 3 (¥) + s * (0) + M0) 

^i(l) + ^ 2 ( 0 ) + v 3 (— 1) + i^(175) + n A (0) 
vi(0) + n 2 (l) + n 3 (0) + v(0) + n A (-l) 
vi(0) + v 2 + u 3 (0) + v( 1) + u A (0) 


= 60 
= 0 


Solving, 

Vl = -60.75 V v 2 = 30 V; v 3 = -87 V; i# = -0.15 A; v A = -30 V 
Calculate the power for the 60 V source: 

V\ — 60 i v 2 — 60 

*60V = 


10 + 5 

-60.75 - 60 30 - 60 


10 5 

p 60V = (60)(-18.075) =-1084.5 W 

Thus, the 60 V source delivers 1084.5 W 

P 4.30 From Eq. 4.16, i B — v c /(l +/3)R E 


= -18.075 A 


From Eq. 4.17, i B = (v b - V 0 )/(l + /3)R E 


From Eq. 4.19, 


1 


iB 


(1 + P)Re 


Vcc{ 1 + (3)ReR-2 + V 0 R 1 R 2 
R\R 2 + (1 + /3)R e {Ri + R 2 ) 


- Vo 


VccR-2 — V 0 (R\ + R-2 


[V CC R 2 /(Ri + R 2 )} - V 0 


R1R2 + (1 + ( 3 )R e (Ri + R2) [R1R2/(Ri + R2) + (1 + ( 3 )Re 
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P 4.31 [a] 



The mesh current equations are: 

—60 + + 10(*i — i 2 ) + l*i = 0 

20 + 3 i 2 + 10(i 2 — h) + 2i 2 =0 

Place the equations in standard form: 
ii(4 + 10 + 1) + i 2 (—10) = 60 

ii(-10)+ i 2 (3 + 10+ 2) = -20 
Solving, i\ = 5.6 A; i 2 = 2.4 A 
Now solve for the requested currents: 

i a — ii — 5.6 A; i h = ii — i 2 = 3.2 A; i c = —i 2 = —2.4 A 

[b] If the polarity of the 60 V source is reversed, we have the following mesh 
current equations in standard form: 

*i(4 + 10 + 1) + i 2 (—10) = -60 

*i(—10) + * 2 (3 + 10 + 2) = -20 
Solving, *i = —8.8 A; i 2 = —7.2 A 
Now solve for the requested currents: 

* a = i\ = —8.8 A; * b = *i — i 2 — —1.6 A; i c = — i 2 = 7.2 A 

P 4.32 [a] 



The mesh current equations are: 




4-42 


P 4.33 
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—230 4- l(ii — i 2 ) + 2 (ii — i 3 ) + 115 + 4^ = 0 
6i 2 + 3(i 2 - * 3 ) + 1(*2 - * 1 ) = 0 

460 + 5i 3 - 115 + 2(i 3 - h) + 3(i 3 - i 2 ) = 0 

Place these equations in standard form: 

*i(l + 2 + 4) +i 2 (— 1) +i 3 (-2) = 115 
ii( —1) + i 2 (6 + 3 + 1) + i 3 [ —3) = 0 

*i(-2) +i 2 (—3) +i 3 (5 + 2 + 3) = -345 
Solving, ii = 4.4 A; i 2 = —10.6 A; i 3 = —36.8 
The only components that can develop power in the circuit are 


A 

the sources: 


P 230 V = —(230) (4.4) = —1012 W 

p 115V = —(115)(—36.8 -4.4) = 4738 W 
p 460V = (460)(-36.8) =-16,928 W 

.-. ^Pdev = 1012 + 16,928 = 17940 W 

[b] From part (a) we know that the 115 V source is dissipating power; compute the 
power dissipated by the resistors: 

Pm = (1)(4.4 + 10.6) 2 = 225 W 

p 4 o = (4)(4.4) 2 = 77.44 W 

Pm = (6)(-10.6) 2 = 674.16 W 

Pom = (2)(4.4 + 36.8) 2 = 3394.88 W 

p 3n = (3)(-10.6 + 36.8) 2 = 2059.32 W 

Pm = (5)(-36.8) 2 = 6771.2 W 

.-. ^p dis = 4738 + 225 + 77.44 + 674.16 + 3394.88 + 2059.32 + 6771.2 
= 17940 W (checks!) 



The mesh current equations are: 



Problems 4-43 


— 135 + 3(*i — i 2 ) + 20(ii — i 3 ) + 2i 3 = 0 
5* 2 + 4(i 2 - * 3 ) + 3(* 2 - *i) = 0 

10 i a + 1*3 + 20(i 3 — *i) 4- 4(* 3 — * 2 ) = 0 

The dependent source constraint equation is: 

ifj ^2 

Place these equations in standard form: 

^(3 + 20 + 2) + * 2 (-3) + z 3 (—20) + * ff (0) = 135 

*i(—3) + * 2 (5 + 4 + 3) + i 3 (—4) + io-(O) = 0 

*i(—20) + * 2 (—4) + * 3 (1 + 20 + 4) + * CT (10) = 0 

a( 1) + *2( — 1) + *3(0) + *o-(l) = 0 

Solving, ii = 64.8 A, * 2 = 39 A; * 3 = 68.4 A; i a = —25.8 A 
Calculate the power: 

P2on = 20(68.4 - 64.8) 2 = 259.2 W 
Thus the 20 fl resistor dissipates 259.2 W. 



The mesh current equations: 

— 132 + 1 i\ + 3(*i — * 3 ) + 2 (i\ — * 2 ) = 0 

— 7*0 + 2(* 2 — i \) + 10(* 2 — * 3 ) = 0 

5*3 + 10(* 3 — * 2 ) + 3(* 3 — * 1 ) =0 

The dependent source constraint equation: 

i<j> = i 2 — H 

Place these equations in standard form: 

*i(l + 3 + 2) + * 2 (—2) + * 3 (—3) + * 0 ( 0 ) = 132 

* i (— 2 ) + * 2 (10 + 2 ) + * 3 (— 10 ) + *</>(— 7 ) = 0 

*i(—3) + * 2 (—10) + * 3(5 + 10 + 3) + * 0 ( 0 ) = 0 

*i(0) + * 2 (—1) + *3(1) + ^0(1) 


0 
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Solving, ii = 48 A; i 2 = 36 A; i 3 = 28 A; — 8 A 

Solve for the power: 

Pdep source = ~7(fy)*2 = ~7(8)(36) = -2016 W 
Thus, the dependent source is developing 2016 W. 



The mesh current equations: 

53(i 2 - i 3 ) + 5(ii — i 3 ) + 3(ii - i 2 ) = 0 

30 + 3(i 2 — i \) + 20 (%2 — i 3 ) + 7 i 2 = 0 
—30 + 2i 3 + 20 (i 3 — i 2 ) + 5(i 3 — i±) — 0 
Place these equations in standard form: 

*1.(5 + 3) + i 2 (53 — 3) + i 3 (—53 — 5) = 0 
*i(—3) + i 2 (3 + 20 + 7) + i 3 (—20) = -30 

*i(—5) + i 2 (— 20) + i 3 (2 4-20 + 5) = 30 

Solving, i\ = 186 A; i 2 = 81.6 A; i 3 = 96 A 
Calculate the power: 

P30V(ieft) = (30) (81.6) = 2448 W 

P30V(ri g ht) = — (30) (96) = —2880 W 

Pdep source = 53(81.6 - 96) (186) = -141,955.2 W 

p 3 n = (3)(186 - 81.6) 2 = 32,698.08 W 

p 5 n = (5)(186 - 96) 2 = 40,500 W 

P 20 Q = (20)(81.6 - 96) 2 = 4147.2 W 

p m = (7)(81.6) 2 = 46,609.92 W 

p 2n = (2)(96) 2 = 18,432 W 


J^Pdev = 2880 + 141,955.2 = 144,835.2 W 
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J2Pd is = 2448 + 32,698.08 + 40,500 + 4147.2 + 46,609.92 4- 18,432 
= 144,835.2 W(checks) 


Thus the dependent source develops 141,955.2 W. 


P 4.36 [a] 



-VA- 

12 Q 



4V© 


-m— 

5Q 





N/ 1 * 

3Q 


10 = 18ii — 16*2 

0 = —16*i + 28*2 + 4 *a 
4 = 8* a 

Solving, *i = 1 A; * 2 = 0.5 A; *a = 0.5 A 
v 0 = 16(*i - * 2 ) = 16(0.5) = 8 V 
[b] P 4 i A = 4*a*2 = (4)(0.5)(0.5) = 1 W (abs) 

• p 4 ,. A (deliver) = -1 W 



600 = 25.6*i - 16* 2 - 5.6*3 
—424 = —16*i + 20* 2 — 0.8*3 
30 = * 3 


Solving, *i = 35 A; * 2 = 8 A; * 3 = 30 A 
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[a] t’soA = 0 .8(*2 - h) + 5.6(ii - i 3 ) 

= 0.8(8 - 30) + 5.6(35 - 30) = 10.4 V 
Psoa = 30v 3OA = 30(10.4) = 312 W (abs) 

Therefore, the 30 A source delivers —312 W. 

[b] p 600V = -600(35) = -21,000 W(del) 

p 424V = 424(8) = 3392 W(abs) 


Therefore, the total power delivered is 21,000 W 


[c] p 4 n 

P3.2Q 

Pl6fl 
P 5.60 
P0.8Q. 


(35) 2 (4) = 4900 W 
(8) 2 (3.2) = 204.8 W 
(35 — 8) 2 (16) = 11,664 W 
(35 — 30) 2 (5.6) = MOW 
(—30 + 8) 2 (0.8) = 387.2 W 


&resistors = 17,296 W 

5>abs = 17,296 + 312 + 3392 = 21,000 W (CHECKS) 


P 4.38 [a] 



The mesh current equation for the right mesh is: 

5400(ii - 0.005) + 3700?'i - 150(0.005 - i x ) = 0 
Solving, 9250ii = 27.75 .2 j 1 = 3mA 

Then, i A = 0.005 - n = 0.005 - 0.003 = 0.002 = 2mA 

[b] v 0 = (0.005)(10,000) + (0.002)(5400) = 60.8 V 
p 5 mA = —(60.8)(0.005) = -304 mW 
Thus, the 5 mA source delivers 304 mW 



Problems 


4-47 


P 4.39 


[c] 150?: a = 150(0.002) = 0.3 V 

Pdep source = 150* a *i = -(0.3)(0.003) = -0.9 mW 
The dependent source delivers 0.9 mW. 



Mesh equations: 

7*i + l(*i — *3) + 2(*i — i 2 ) = 0 

— 125 + 2(* 2 — *1) + 3(* 2 — * 3 ) + 75 = 0 

Constraint equations: 

i 3 = -0.5n A ; v A = 2(* x - i 2 ) 

Place these equations in standard form: 

*i(7 + 1 + 2) + * 2 ( 2) + * 3 (—1) + n A (0) = 0 

*i(-2)+* 2 (2 + 3)+* 3 (-3)+u A (0) = 50 

*i(0) + *2(0) T" *3(1) + n A (0.5) = 0 

*i(2) + * 2 (—2) + * 3 (0) + v A (— 1) = 0 

Solving, ii = 6 A; i 2 = 22 A; * 3 = 16 A; v A = 
Solve the outer loop KVL equation to find v cs : 

—125 + 7*i + v cs = 0; .'. v cs = 125 - 7(6) 

Calculate the power: 

P12.5V = — (125)(22) = — 2750 W 

p 75V = (75) (22 - 16) = 450 W 

Pdep source = - (83) [0.5(-32)] = 1328 W 


-32 V 
= 83 V 


Thus, the total power developed is 2750 W. 
CHECK: 

Pm = (6) 2 (7) = 252 W 

p 2 n = (22 — 6) 2 (2) = 512 W 

Pm = (22 — 16) 2 (3) = 108 W 
Pm = (16 — 6) 2 (1) = 100 W 
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■ • ^ ', Pabs 

P 4.40 


Since the bottom left mesh current value is known, we need only two mesh current 
equations: 

lii + 4 (i\ — i 2 ) 4- 5(ii — 20) = 0 

6.5ii + 20(i 2 — 20) + 4(i 2 — i\) = 0 
Place these equations in standard form: 

^(1 + 4 + 5) +i 2 (-4) = 100 

(6.5 — 4) + (20 + 4) = 400 

Solving, i 1 = 16 A; i 2 = 15 A 
Find v: 

-v + 5(20 -ii) + 20(20 — i 2 ) =0 .2 v = 5(4) + 20(5) = 120 V 

Calculate the power: 

p 20A = — (120)(20) = -2400 W 
Pdep source = [6.5(16)] (15) = 1560 W 

pm = 1(16) 2 = 256 W 

Pm = 5(20 - 16) 2 = 80 W 

Pm = 4(16-15) 2 =4W 

p 20 n = 20(20 - 15)2 = 500 W 

5>dev = 2400 W 

Y.Pdis = 1560 + 256 + 80 + 4 + 500 = 2400 W (checks) 



The power developed by the 20 A source is 2400 W 



Problems 
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P 4.41 [a] 


+ v - 



The mesh current equations are: 

—20 + l(ii — * 3 ) + 25(*i — * 2 ) + 4*i = 0 

80 + 3*2 + 25(* 2 — * 1 ) + 2 (* 2 — *3) = 0 

The constraint equation is: 

*3 = 45* a = 45(*i - * 2 ) 

Place these equations in standard form: 

*i(l + 25 + 4) +* 2 (-25) +* 3 (-l) = 20 
*i(-25) +* 2(3 + 25 + 2) +* 3 (-2) = -80 

*i(—45) + * 2 ( 45 ) + * 3 ( 1 ) = 0 


Solving, *! = 8 A; * 2 = 7 A; * 3 = 45 A 
Find the power in the 2 Q resistor: 

P2n = 2 (* 2 - * 3 ) 2 = 2(—38) 2 = 2888 W 
The 2 resistor dissipates 2888 W. 

[b] Find the power developed by the sources: 

*+ + 80 + 3(7)+ 4(8) — 20 = 0 v Q = 20-80-21-32 = -113 V 

Pdep source = (-113) [45(8 - 7)] =-5085 W 

P80V = (80)(7) = 560 W 

p 20V = -(20)( 8 ) =-160 W 

J2'Pdev = 5085 + 160 = 5245 W 

The percent of the power developed that is deliverd to the 2 fl resistor is: 


5245 


x 100 = 55.06% 
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P 4.42 [a] 



The mesh current equations are: 

75 + 6*i + 12(*i — * 2 ) — 7 *a = 0 

15*2 + 60(* 2 - * 3 ) + 7*a + 12(*2 - * 1 ) = 0 

The two constraint equations are: 

*a = 

*3 = I.Gi’a = 1 .6(6*1) = 9.6*1 

Place these equations in standard form: 

* 1(6 + 12) + * 2 (—12) + * 3 ( 0 ) + *a(— 7) = -75 

*i(—12) + *2(15 + 60 + 12) + * 3 (—60) + *a(7) = 0 

*i(0) + *2(1) + *3(0) + *a(1) = 0 

*i(9.6) + *2(0) + *3(—1) + *a(0) = 0 

Solving, *1 = 4 A; * 2 = 29.4 A; * 3 = 38.4 A; *a = —29.4 A 
Calculate the power associated with the three sources: 

v = 60(* 2 - * 3 ) = -540 V 

v A = 6*1 =6(4) = 24 V 

P 75 V = (75) (4) = 300 W 

j9 CCVS = —7(—29.4)(4 - 29.4) = -5227.32 W 

Pvccs = (-540) [1.6(24)] = -20,736 W 

The two dependent sources are generating a total of 

5227.32 + 20,736 = 25,963.32 W. 

[b] Find the power dissipated. Remember that the 75 V source is generating 300 W, 
as calculated in part (a): 

Pm = (6)(4 ) 2 = 96 W 

Pi 2 n = (12)(4 - 29.4) 2 = 7741.92 W 

Pirn = (15) (29.4) 2 = 12,965.4 W 

Peon = (60)(29.4 — 38.4) 2 = 4860 W 


J^Pdis = 300 + 96 + 7741.92 + 12,965.4 + 4860 = 25,963.32 W(checks) 
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Thus the power dissipated in the circuit is 25,963.32 W. 

P 4.43 


4fi 9Q 



in en 


The supermesh equation is: 

—20 + 4*i + 9*2 — 90 + 6*2 + l*i = 0 
The supermesh constraint equation is : 

*i -*2 = 6 

Place these equations in standard form: 

*i(4 +1)+* 2 (9 + 6 ) = 20 + 90 

ii{l) + i 2 {-l) = 6 

Solving, *! = 10 A; * 2 = 4 A 
Now find the power: 

Pm = 10 2 (4) = 400 W 

Pm = 10 2 (1) = 100W 

Pm = 4 2 (9) = 144 W 

Pm = 4 2 (6) = 96 W 

P 20 V = -(20) (10) = -200 W 

v 6A = 9*2 - 90 + 6*2 = (9) (4) - 90 + ( 6 ) (4) = -30 V 

Pm = (-30)(6) = -180W 

p 90Y = -(90) (4) = -360 W 

In summary: 

J2Pdev = 200 + 180 + 360 = 740 W 
X>diss = 400 + 100 + 144 + 96 = 740 W 

Thus the power dissipated in the circuit is 740 W 
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P 4.44 


4fi 9Q 



in 6Q 


The supermesh equation is: 

— 120 + 4ii + 9 * 2 — 90 + 6*2 + l*i = 0 
The supermesh constraint equation is : 

*i — *2 = 6 

Place these equations in standard form: 

*i(4 + 1) + * 2 (9 + 6) = 120 + 90 

*i(l) + *2(—1) = 6 

Solving, *1 = 15 A; * 2 = 9 A 
Now find the power: 


P4H 

= 15 2 (4) = 

= 900 W 

Pm 

= 15 2 (1) = 

= 225 W 

Pm 

= 9 2 (9) = 

729 W 

Pm 

= 9 2 (6) = 

486 W 

P 120 V 

= —(120)(15) = —1800W 

v 0 

= 9*2 — 90 + 6*2 = 9(9) — 90 + 6(9) 

P6A 

= (45)( 6 ) 

= 270 W 

P90V 

= -(90)(9) =-810W 


In summary: 

y^p d ev = 900 + 225 + 729 + 486 + 270 = 2610 W (note that the 6 A source is 

now dissipating power!) 

y> diss = 1800 + 810 = 2610 W 

Thus the power dissipated in the circuit is 2610 W 

P 4.45 [a] 



in en 



Problems 4-53 


The supermesh equation is: 

—60 + Aii + 9 * 2 — 90 + 6 * 2 + 1+ = 0 
The supermesh constraint equation is : 

ii - i 2 — 6 

Place these equations in standard form: 

*i(4 + 1) + i 2 (9 + 6 ) = 60 + 90 

*i(l) + ^( — 1) = 6 

Solving, ii — 12 A; i 2 — 6 A 
Now find the power: 

Pm = 12 2 (4) = 576 W 

Pm = 12 2 (1) = 144 W 

Pm = 6 2 (9) = 324 W 

Pm = 6 2 ( 6 ) = 216 W 

Peov = -(60)(20) = -720 W 

Vo = 9 i 2 - 90 + 6 i 2 = 9(6) - 90 + 6 ( 6 ) = 0 V 

(the 6 A source acts like a short circuit carrying 6 A of current) 

P 6 A = (0)(6) = 0 W 

l 9 90V = -(90) ( 6 ) = -540 W 

In summary: 

y^Pdev = 576 + 144 + 324 + 216 = 1260 W (note that the power of the 6 
A source is zero) 

5>diss = 720 + 540 = 1260 W 

Thus the power dissipated in the circuit is 1260 W 

[b] 



Now there is no longer a supermesh. The two simple mesh current equations 
are: 

—60 + 4*i + l*i = 0 


—90 + 6*2 + 9*2 = 0 

Since these equations are uncoupled, each can be solved separately: 
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5ii = 60 i\ = 60/5 = 12 A 

15*2 = 90 *2 = 90/15 = 6 A 

Since the currents are the same as in part (a), the power will be the same as 
calculated in part (a). Thus, the power dissipated in the circuit is again 1260 W. 

[c] As noted in part (a), the 6 A source has zero voltage drop, so is equivalent to a 
short circuit (which has no voltage drop by definition) carrying 6 A of current, 
as in the circuit of part (b). 


P 4.46 [a] 



The i\ mesh current equation: 

—100 + 5(*i — * 2 ) + 10(*i — * 3 ) + 2*i = 0 
The i 2 — * 3 supermesh equationa: 

2*2 + 20*3 T 10(*3 — * 1 ) + 5(* 2 — * 1 ) — 0 

The supermesh constraint: 

* 3 - *2 = 1.2* b = 1.2*i 

Place these equations in standard form: 

*i(5 + 10 + 2) + * 2 (—5) + * 3 (—10) = 100 

*i(—10 — 5) + * 2(2 + 5) + * 3(20 + 10) = 0 

* 1 (1.2) + * 2 (l)+* 3 (-l) = 0 

Solving, *1 = 7.4 A; * 2 = —4.2 A; * 3 = 4.68 A 
Solve for the requested currents: 

i a = ^2 = -4.2 A 

H = h = 7.4 A 

* c = *3 = 4.68 A 

i d = i\ — i2 = 11.6 A 

* e = *1 — *3 = 2.72 A 


^CS — 


[b] Find v cs : 

2*2 T v cs T 5(*2 * 1 ) = 0 


2(—4.2) - 5(—4.2 - 7.4) = 66.4 V 
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Calculate the 

power: 

PlOOV 

= -(100)(7.4) =-740 W 

Pdep source 

= —( 66 .4)[1.2(7.4)] = -589.632 W 

P2U 

= 2(-4.2 ) 2 = 35.28 W 

Pm 

= 5(7.4 + 4.2 ) 2 = 672.8 W 

P2fl 

= 2(7.4 ) 2 = 109.52 W 

Pion 

= 10(7.4 -4.68)2 = 73.984 W 

P2on 

= 20(4.68)2 = 438.048 W 


5>dev = 740 + 589.632 = 1329.632 W 


J^Pdis = 35.28 + 672.8 + 109.52 + 73.984 + 438.048 = 1329.632 W 


P 4.47 [a] 



The i-i mesh current equation: 

—4i d + 10(i 2 - i 4 ) + 5(i 2 - i 3 ) = 0 
The i 3 — i 4 supermesh equation: 

40(i 3 - 19) + 5(i 3 - i 2 ) + 10(i 4 - i 2 ) - 240 = 0 
The supermesh constraint equation: 

U~h = 2 i h = 2 (i 2 - i 3 ) 

Place the equations in standard form: 

i 2 (10 + 5) + i 3 (—5) + i 4 (—10 — 4) = 0 

i 2 (-5- 10) +i 3 (40 + 5) +i 4 (10) = 240 + (40)(19) 

i 2 (2) + i 3 (—1) + i 4 (—1) = 0 

Solving, i 2 = 18 A; i 3 = 26 A; i 4 — 10 A 
Solve for the requested currents: 
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* a = 19-* 3 = 19-26 = -7 A 
*b = *2 — *3 = 18 — 26 = — 8 A 
i c = %2 — i\ = 18 — 10 = 8 A 
id = H = 10 A 
i e — * 2 — 18 A 

[b] Find the power in the circuit: 

v a = 40* a = 40(—7) = —280 V 

v h = — 10* c - 240 = -10(8) - 240 = -320 V 

Pi 9A = -(-280)(19) = 5320 W 

Pcccs = —(—320)(2)(—8) = —5120 W 

Pccvs = —(4)(10)(18) = -720 W 

P240V = —(240)(10) = —2400 W 


Pion 

= (40)(-7) 2 

= 1960 W 

Pm 

= (5)(-8 ) 2 = 

= 320 W 

Pim 

= ( 10 )( 8) 2 = 

640 W 

^~^Pdev 

= 5120 + 720 + 

2400 = 8240 W 


= 5320 + 1960 + 

320 + 640 = 8240 W(checks) 



0.2fi 


125 = 10*! - 0.4i 2 - 9.4i 3 
125 = —0.4*i + 20*2 - 19.4*3 
0 = —9.4*! — 19.4*2 + 50*3 

Solving, *i = 23.93 A; * 2 = 17.79 A; * 3 = 11.40 A 



Problems 


4-57 



Vl = 

9.4(*! — * 3 ) = 117.76 V 


v 2 = 

19.4(* 2 — * 3 ) = 123.90 V 


V 3 = 

21.2*3 = 241.66 V 

[b] 

Pri = 

(*! — * 3 ) 2 (9.4) = 1475.22 W 


PR2 = 

(* 2 — * 3 ) 2 (19.4) = 791.29 W 


PR3 = 

*|(21.2) = 2754.64 W 

[c] 

^^Pdev = 

125(*i + * 2 ) = 5213.99 W 


5>oad = 5021.15 W 

_ 5021.15 

% delivered = — x 100 = 96.3% 

o Zj .yy 


[d] 



21 . 2(7 


250 = 29.2*! - 28.8* 2 
0 = —28.8ii + 50*2 

Solving, *i = 19.82 A; * 2 = 11.42 A 
*i — * 2 = 8.41 A 
Vl = (8.41)(9.4) = 79.01 V 
v 2 = 8.41(19.4) = 163.06 V 

Note vi is low and v 2 is high. Therefore, loads designed for 125 V would not 
function properly, and could be damaged. 
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P 4.49 



0.2fi 


125 = (i?i + 0.6)i a - 0.4i b - 

125 = -0.4i a + (i? 2 + 0.6)i b - -^c 

0 = —R\i a — R'2^b + (-Ri + + 21.2)i c 

(Ri + 0.6) -0.4 -R 1 

A = -0.4 (R 2 + 0.6) -R 2 

— R± — R 2 (-Ri + R'2 ■+■ 21.2) 

When R\ = R- 2 , A reduces to 

A = 21.6.R? + 25.84i?! + 4.24. 

125 -0.4 -R 1 

N a = 125 (R 2 + 0.6) R 2 

0 — R 2 ( R\ + R 2 + 21.2) 

= 125 [2R X R 2 + Ri + 22.2R 2 + 21.2] 

(i?i + 0.6) 125 -R 1 

N h = -0.4 125 — R 2 

— R\ 0 (i?i + R 2 + 21.2) 

= 125 [2i?ii? 2 + 22.2R\ + R 2 + 21.2] 


. _ A a . _ N h 

la A ’ lh A 

_ , , _ A a - 7V b _ 125[(i?x - R 2 ) + 22.2(R 2 - i? x )] 

^neutral A A 



Problems 4-59 


Now note that when Ri — R 2 , * neutral reduces to 


^neutral 


0 

A 


0 


P 4.50 


4 A 



The mesh current equations: 

-240 + 12*i + 20(*i - * 2 ) =0 

20 (* 2 — *i) + 15(* 2 + 4) + 50(* 2 "T idc) T 40* 2 = 0 

Place these equations in standard form: 

*i(12 + 20) + i 2 (—20) + * dc (0) = 240 

*i(-20)+i 2 (20 + 15+ 50 + 40)+i dc (50) = -60 

But if the power associated with the 4 A source is zero, the voltage drop across the 
source must be zero. This means that the voltage drop across the 15 Q resistor is also 
zero, so the 15 resistor is effectively removed from the circuit. Once this happens, 
i 2 = —4 A. Substitute this value into the first equation and solve for t \: 

32*! - 20(—4) = 240 .'. 32*i = 160 so R = 5 A 

Now substitute this value for R into the second equation and solve for * dc : 

-20(5) + 125(—4) + 50i dc = -60 so 50* dc = -60 + 100 + 500 = 540 
* dc = 540/50 = 10.8 A 
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P 4.51 [a] 



Write the mesh current equations. Note that if i Q = 0, then i\ = 0: 


-23 + 5(-* 2 ) + 10(-* 3 )+46 = 0 

30*2 + 15(i 2 — *3) + 5*2 = 0 

14c 25*3 — 46 + 10*3 + 15(*3 — * 2 ) = 0 

Place the equations in standard form: 

4(-5) + * 3 (-10) + 14c(0) = -23 

* 2 (30 + 15 + 5) + * 3 (—15) + 14 c (0) = 0 

* 2 (— 15) + 4(25 + 10 + 15) + 14 c (l) = 46 
Solving, * 2 = 0.6 A; 4 = 2 A; V dc = -45 V 


Thus, the value of 14 c required to make * Q = 0 is —45 V. 

[b] Calculate the power: 

P23V = —(23)(0) = 0 W 
P 46 V = —(46) (2) = —92 W 

pvdc = (—45) (2) = —90 W 
Pson = (30)(0.6) 2 = 10.8 W 
Pm = (5)(0.6 ) 2 = 1.8 W 
Pirn = (15)(2 — 0.6 ) 2 = 29.4 W 

Pim = (10)(2 ) 2 = 40 W 
P 200 = (20)(0 ) 2 = 0 W 

P 2 sn = (25)(2) 2 = 100 W 

J2pdev = 92 + 90 = 182 W 

5> dis = 10.8 + 1.8 + 29.4 + 40 + 0 + 100 = 182 W(checks) 



Problems 4-61 


P 4.52 [a] There are three unknown node voltages and only two unknown mesh currents. 
Use the mesh current method to minimize the number of simultaneous 
equations. 



The mesh current equations: 

2ii + 10(ii — * 2 ) "T 8 (*i —4) = 0 

4*2 + 1 (?2 — 4) + 10(*2 — *i) — 0 

Place the equations in standard form: 

*i(2 + 10 + 8 ) + i 2 (—10) = 32 

ii(—10) + i 2 (4+l + 10) = 4 
Solving, *1 = 2.6 A; * 2 = 2 A 
Find the power in the 10 Q resistor: 

Hon = i\-i 2 = 0.6 A 
Vion = (0.6) 2 (10) = 3.6 W 

[c] No, the voltage across the 4 A current source is readily available from the mesh 

currents, and solving two simultaneous mesh-current equations is less work 
than solving three node voltage equations. 

[d] Vg = 2*! + 4*2 = 2(2.6) + 4(2) = 13.2 V 

p 4A = — (13.2)(4) = -52.8 W 
Thus the 4 A source develops 52.8 W. 


P 4.53 [a] There are three unknown node voltages and three unknown mesh currents, so 
the number of simultaneous equations required is the same for both methods. 
The node voltage method has the advantage of having to solve the three 
simultaneous equations for one unknown voltage provided the connection at 
either the top or bottom of the circuit is used as the reference node. Therefore 
recommend the node voltage method. 


2 
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The node voltage equations are: 

Vl Vl ~ V2 Vl ~ V3 _ Q 

1 + 8 + 10 
_4 ^2 t ^3 = 

20 8 2 
Vs-Vj V3-V2 V3 _ 0 

10 + 2 + 4 

Put the equations in standard form: 

« i (-T)+ l , 2 (-t)+„ 3 (i + 1 l + t) = 0 

Solving, Vl = 1.72 V; v 2 = 11.33 V; v 3 = 6.87 V 

p 4A = — (11.33)(4) = -45.32 W 

Therefore, the 4 A source is developing 45.32 W 


P 4.54 [a] The node voltage method requires summing the currents at two supemodes in 
terms of four node voltages and using two constraint equations to reduce the 
system of equations to two unknowns. If the connection at the bottom of the 
circuit is used as the reference node, then the voltages controlling the 
dependent sources are node voltages. This makes it easy to formulate the 
constraint equations. The current in the 20 V source is obtained by summing 
the currents at either terminal of the source. 

The mesh current method requires summing the voltages around the two 
meshes not containing current sources in terms of four mesh currents. In 
addition the voltages controlling the dependent sources must be expressed in 
terms of the mesh currents. Thus the constraint equations are more 
complicated, and the reduction to two equations and two unknowns involves 
more algebraic manipulation. The current in the 20 V source is found by 
subtracting two mesh currents. 

Because the constraint equations are easier to formulate in the node voltage 
method, it is the preferred approach. 



Problems 4-63 


3x10 v. 


2 0 0mA 


lOOfi «f 250n 


a ?soon 


Node voltage equations: 

V\ Vo o 

— + — - 0.2 + 3 x 10“ 3 u 3 = 0 

100 250 

— + — - 3 x 10~ 3 n 3 + 0.2 = 0 

500 200 

Constraints: 

v 2 - vi = 20; v A - v 3 = 0Av a -, v a = v 2 

Solving, v 2 = 44 V 

i Q = 0.2 - 44/250 = 24 mA 

P 20 V = 20 i a = 480 mW (abs) 

P 4.55 [a] Apply source transformations to both current sources to get 


2.7kfi 


2.3k fi 


5.4v(Tl 


■(5.4+ 0.6) 


2700 + 2300 + 1000 

v i 

-•- 

2mA(+) k „ 


= -1 mA 



r-vvv-' 

2.3kH 

F 

5 ^ 

: 21kQ 

: 1kn ^ 


T)0.6mA 


The node voltage equations: 
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2 x 10“ 3 
-0.6 x 10“ 3 


P 4.56 [a] 






Problems 4-65 
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P 520 V = —(520) (3.6) = -1872 W 

Therefore, the 520 V source is developing 1872 kW. 

[c] v = — (16)(1) - 40(2.6) = -120 V 

Pia = (— 120)(1) = — 120 W 

Therefore the 1 A source is developing 120 W. 

[d] Calculate the power dissipated by the resistors: 

Pim = (16)(l) 2 = 16 W 
P260O = (260)(2) 2 = 1040 W 
P4oo = (40)(2.6) 2 = 270.4 W 

Pin = (4)(1.6) 2 = 10.24 W 

P250Q = (250)(1.6) 2 = 640 W 
Pen = (6)(1.6) 2 = 15.36 W 

J2Pdev = 120 + 1872 = 1992 W 

5> dev = 16 + 1040 + 270.4 + 10.24 + 640 + 15.36 = 1992 W (CHECKS) 



Problems 4-67 


P 4.58 [a] Applying a source transformation to each current source yields 



Now combine the 12 V and 5 V sources into a single voltage source and the 
6 Q, 6 and 5 Q resistors into a single resistor to get 



Now use a source transformation on each voltage source, thus 



which can be reduced to 



The mesh current equations are: 
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CHAPTER 4. Techniques of Circuit Analysis 


P 4.59 


P 4.60 


6(i a — 2) + 6 i a + 5 (i a — 1) + 17(i a — i Q ) — 34 — 0 

1.5*0 + 34 + 17 (i 0 — i a ) = 0 

Put these equations in standard form: 
i a (6 + 6 + 5 + 17) + * 0 (—17) = 12 + 5 + 34 

i a (—17) + i 0 (1.5 + 17) = -34 

Solving, ?' a = 1.075 A; i 0 = —0.85 A 

30 

V Th =-(80) = 60 V 

30 + 10 v ’ 

R Th = 10||30 + 2.5 = 1011 


ion 

60V(+) 

- •b 


4a 



Write and solve the node voltage equation at v\. 


Vi — 60 

TcT 


^-4 = 0 
40 


Vl = 400/5 = 80 V 


4t’i — 240 + V\ — 160 = 0 
Calculate Vr+ 

V Th = iq + (8) (4) = 80 + 32 = 112 V 

Calculate i? Th by removing the independent sources and making series and parallel 
combinations of the resistors: 

R Th = 8 + 40||10 = 8 + 8 = 16 Tl 



Problems 


4-69 


-va- ma 

16 H 


112V0 

- mb 

P 4.61 After making a source transformation the circuit becomes 



The mesh current equations are: 

—500 + 8(ii — i 2 ) + 12ix = 0 

—300 + 30^2 + 5.2i 2 + 8(i 2 — i i ) = 0 

Put the equations in standard form: 

i 1 (8 + 12)+i 2 (-8) = 500 

ii(—8) + i 2 (30 + 5.2 + 8) = 300 

Solving, ii = 30 A; i 2 = 12.5 A 
V Th = 5.2i 2 + 12ii = 425 V 
R Th = (81| 12 + 5.2) || 30 = 7.511 

-vw-• a 

7.5H 

425 V0 

- mb 

P 4.62 First we make the observation that the 10 mA current source and the 10 kQ resistor 
will have no influence on the behavior of the circuit with respect to the terminals a,b. 
This follows because they are in parallel with an ideal voltage source. Hence our 
circuit can be simplified to 
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or 



Therefore the Norton equivalent is determined by adding the current sources and 
combining the resistors in parallel: 



P 4.63 [a] First, find the Thevenin equivalent with respect to a,b using a succession of 
source transformations. 



1 k Q 




Problems 4-71 


4.5kQ 




85.5 . 

W = ^r(54) = 51.3 V 

yu 

/p;i q _ ka \ 

[b] %error = r ° j x 100 = -5% 
P 4.64 [a] Open circuit: 
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Write a node voltage equation at v 2 : 

v 2 — 17.4 v 2 

+ + f = ° 

Solving, 

-5.2 + 2v 2 - 34.8 + 13v 2 = 0 .7 

Calculate the short circuit current: 


i sc = (40/15)/4 = 2/3 A 
Therefore, R Th = 5/(2/3) = 7.5 0 


v 2 = 40/15 V 



f? T h = 10|| (26 + 4) = 7.5 Q (CHECKS) 



Problems 4-73 


P 4.65 


1310 n 


500^(0 



wv- 


100fi yl in" 5 

4x10 V 


80 i. 


+ 

sl/> 


50kQ 


-#b 


OPEN CIRCUIT 

Use Ohm’s law to solve for v 2 on the right hand side of the circuit: 

v 2 = -80i b (50,000) = -40 x 10 5 4 

Use this value of v 2 to express the value of the dependent voltage source in terms of 

^b* 

4 x 10- 5 n 2 = 4 x 10 _5 (—40 x 10 5 i b ) = -1604 
Write the mesh current equation for the 4 mesh: 

13104 - 1604 + 100(4 - 500 x 10“ 6 ) = 0 
Solving, 

12504 = 0.05 .7 4 = 0.05/1250 = 40 \x A 

Thus, 

V Th = v 2 = -40 x 10 5 4 = -40 x 10 5 (40 x 10~ 6 ) = -160 V 

SHORT CIRCUIT 


V 2 = 0; 4c = -804 

Calculate 4 using current division on the left hand side of the circuit: 

4 =- 100 -500 x 10“ 6 = 35.461 u A 

100 + 1310 P 


Calculate the short circuit current from the right hand side of the circuit: 

4 C = -80(35.461 x 10 -6 ) = -2.8369 x HU 3 mA 

Calculate An, from the short circuit current and open circuit voltage: 




-160 

-2.8369 x 10- 3 


56.4 kU 


—va -• a 

56.4kfi 


♦ b 


16OV0 
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P 4.66 



12.72 = 1/ T h - 2R Th 



12 — Vrh — 20i?xh 

Solving the above equations for Vrh and R Th yields 
Vrh = 12.8 V, Rt h = 40 mfl 

Ij\i = 320 A, Rjy — 40 mfl 
P 4.67 First, find the Thevenin equivalent with respect to R 0 . 





Problems 


4-75 


R 0 

io 

Vo 

R 0 

io 

Vo 

0 

12 

0 

20 

4 

80 

2 

10 

20 

30 

3 

90 

6 

7.5 

45 

40 

2.4 

96 

10 

6 

60 

50 

2 

100 

15 

4.8 

72 

70 

1.5 

105 


P 4.68 



The node voltage equations are: 
v\ — 90 


Vl 


15,000 
V2 - Vl 
4000 

V'i - V-2 


+ 


+ 


10,000 

V2 

40,000 

v-s 


+ 


+ 


V\ - V2 
4000 
v 2 - v 3 


5000 

+ 19*a 


19?'a = 


5000 89,000 

The dependent source constraint equation is: 


0 

0 

0 


Vi - v 2 

x \ = - 

A 4000 


Substitute the constraint equation into the node voltage equations and put the three 
remaining equations in standard form: 



Solving, V\ = 32.75 V; v 2 = 30.58 Y; v 3 = -19.8 V 
y Th = V3 = -19.8 V 
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The mesh current equations are: 

—90 + 15,000?'i + 10,000(*i — i A ) = 0 

4000?'a + 40,000(*a — he) + 10,000(*a — *i) = 0 

40,000(i sc — i A ) + 5000(i sc + 19 ?'a) = 0 

Put these equations in standard form: 

*! (25,000) + * A (—10,000) + i sc (0) = +90 

A(-10,000) + i A (54,000) + +c( — 40,000) = 0 

ii(0) + *a( 55,000) + i sc (45,000) = 0 

Solving, i\ = 3745.62 /iA; i A = 364.04 q A; i sc = —444.94yU A 
i sc = —444.94 yU A 

R Th = -19.8/ - 444.94 x 10“ 6 = 44.5 kft 

-wv-• a 

44.5 k Q 

19.8 V(+) 



P 4.69 [a] Use source transformations to simplify the left side of the circuit. 




Problems 4-77 


Let Ro = -R mete r 111 • 3 kfi = 5.5/4.4 x 10“ 3 = 1250 SI 

. (Rme ter) (1300) 10gn (1250)(1300) 

" i? meter + 1300 ’ meter 50 

[b] Actual value of v e : 

i b = - ^— f - T = 97.22 a A 

22,000 + 44(1300) P 

v e = 444(1300) = 5.56 V 

% error = x 100 = -1.10% 

V 5.56 ) 


32.5 m 


P 4.70 [a] Find the Thevenin equivalent with respect to the terminals of the ammeter. This 
is most easily done by first finding the Thevenin with respect to the terminals 
of the 4.8 Q resistor. 

Thevenin voltage: note i# is zero. 


a 



^Th — 24 Vrh ^Th ^Th _ Q 

2 + 100 + ^ 5 " + ^ 0 " _ 

50Vrh + Vrh + 4Vrh + 5Vrh = 50(24) .'. V Th = 50(24)/60 = 20 V 

Short-circuit current: 



4c 12 T 2i sc , . . 4c 12 A 
i?Th = —= —1-67 
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-5/3 0 4.80 



-Rtotai — r — 3.333 Q 
6 

7? me ter = 3.333 - 3.133 = 0.20 0 


[b] Actual current: 

3.1330 



^actual 


20 

3.133 
6 - 6.383 


error = 


= 6.383 A 

x 100 = - 


6.383 


P 4.71 



h = 100/20,000 = 5 mA 

ioo = y T h - 0.0057?™, y Th = 100 + 0.0057?™ 



Problems 4-79 



i 2 = 200/50,000 = 4mA 

200 = V T h - 0.004i? Th , V Th = 200 + 0.004i? Th 

.'. 100 + 0.005i? T h = 200 + 0.004i? Th so R Th = 100 kU 

VV h = 100 + 500 = 600 V 



P 4.72 



Use voltage division to calculate v\ and v 2 : 

501 , 

v { =- 5 = 4.168053 V 

501 + 100 v ; 

v = --( 5 ) = 4.1666667 V 

2 5000 + 1000 V ; 

Now calculate Vt+ 

V Th = Vi - v 2 = 4.168053 - 4.1666667 = 1.3866 mV 


Calculate Rjh by removing the voltage source and creating series and parallel 
combinations of the resisitors: 
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R rt , = 100H501 + 1000H5000 = + UMl/M 

11 11 601 6000 
The resulting Thevenin equivalent circuit is shown below: 


916.69Q 


1.3866 mV© 



50 Q 


Use KVL to calculate 

_ 1.3866 x 10“ 3 
Vl ~ 916.69 + 50 


*gal : 

= 1.43//A 


P 4.73 Vrh = 0, since circuit contains no independent sources. 



Vj — Vi vt — 40 /a 

% r v = - - 

20 60 

Vi - 40 Z A Vi Vi ~ v t _ 

16 + 80 + 20 

.'. 10vi — 200 /a = 4i't /a = 

.'. 12.5vi = 4n T ; v\ = 0.32n T 
60 ?'t = 4t'T — 2.5ni = 3.2 vt 

.-. V = + = 18 . 75S i 
3.2 

R Th = 18.75 0 


-Vi 


80 ’ 


200/a = —2.5ni 


18.75 n 

-wv-• a 


916.69 0 



Problems 4-81 


P 4.74 Vrh = 0 since there are no independent sources in the circuit. To find Rrh, apply a 1 
A test source and calculate the voltage drop across the test source. Use the mesh 
current method. 



The mesh current equations for the two meshes on the left: 

— 104 + 5(4 - iy) + 404 = o 

10 i x + 20 (i y — 1) + 10 i y + 5 (i y — i x ) = 0 
Place these equations in standard form: 

**(-10 + 5 + 40) + *„(-5) = 0 

* x (10-5) + *„(20+10 + 5) = 20 

Solving, i x = 80 mA; i y = 560 mA 
Find the voltage drop across the 1 A source: 
v T = 20(1 - 0.56) = 8.8 V 

R Th = VT /1 A = 8.8/1 = 8.8 n 

8.8(7 

-wv-• a 

-• b 

P 4.75 We begin by finding the Thevenin equivalent with respect to R a . After making a 
couple of source transformations the circuit simplifies to 



160 — 30?'a 


2 A = 


50 


i A = 2 A 
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Vrh = 20 ?'a + 30? a = 50?a = 100 V 

Using the test-source method to find the Thevenin resistance gives 



Thus our problem is reduced to analyzing the circuit shown below. 



io 4 D _ op;n 

R 2 0 + 15R 0 + 56.25 R ° ~ 25 ° 

= R 2 q + 15i? 0 + 56.25 


40 R 0 = R 2 q + 15i? 0 + 56.25 

R 2 q - 25 R 0 + 56.25 = 0 

R 0 = 12.5 ± a/156.25 - 56.25 = 12.5 ± 10 

R 0 = 22.5 Q 


R 0 = 2.5 n 



Problems 4-83 


P 4.76 [a] Find the Thevenin equivalent with respect to the terminals of /fj,. 
Open circuit voltage: 



The mesh current equations are: 

—240 + 3(*i — i 2 ) + 20(ii — i 3 ) + 2 ii = 0 

2 i 2 + 4(i 2 — i 3 ) + 3(i 2 — i\) = 0 

lOi /3 + li 3 + 20(i 3 — i\) + 4(i 3 — i 2 ) = 0 

The dependent source constraint equation is: 

1/3 = h ~ H 

Place these equations in standard form: 

ii(3 + 20 + 2) + i 2 { —3) + i 3 (—20) + ip( 0) = 240 

ii(—3) + i 2 (2 + 4 + 3) + i 3 (— 4) + 7/3 (0) = 0 

ii(—20) + i 2 (— 4) + i 3 (4 + 1 + 20) + ^(10) = 0 

ii(l) + i 2 (— 1 ) + i 3 ( 0 ) + ^( 1 ) = 0 

Solving, i-i = 99.6 A; i 2 = 78 A; i 3 = 100.8 A; ip = — 21.6 A 
V- n , - 20(7, - i :i ) - -21 V 
Short-circuit current: 



The mesh current equations are: 
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—240 + 3(ii — i 2 ) + 2 i\ =0 

2i 2 + 4(i 2 - 13 ) + 3(i 2 - *i) = 0 

10i/3 + 1*3 + 4(i 3 — i 2 ) =0 

The dependent source constraint equation is: 

i /3 = *2 — *1 

Place these equations in standard form: 

*i(3 + 2) + %2 (—3) + * 3 ( 0 ) + * / g( 0) = 240 

*i(—3) + * 2(2 + 4 + 3) + * 3 (—4) + i /3 (0) = 0 

*i(0) + *2( — 4) + *3(4 + 1) + */j(10) = 0 

*i(l) + *2( — 1) + *3(0) + */?(l) = 0 

Solving, ii = 92 A; i 2 = 73.33 A; i 3 = 96 A; ip = —18.67 A 




v — 12 | v — 10 v n 
12,000 + 20,000 + 12,500 “ 

Solving, v = 7.03125 V 

Vl0k = lS (7 -° 3125) = 5 - 625V 


V Th = v - 10 = -4.375 V 



Problems 4-85 



Rtu = [(12,0001|20,000) + 2500] = 5 kfl 
R 0 = Rtii = 5 kfl 



Pmax = (-437.5 x 10“ 6 ) 2 (5000) = 957.03/iW 

P 4.78 Write KCL equations at each of the labeled nodes, place them in standard form, and 
solve: 
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Standard form: 

V\ ( - 1 - + V 2 f -+ WO) = 0.003 

V4000 8000/ " V 8000/ 3V ; 

Vl (~800o) + l ’ 2 (sOOO + 20,000 + 2500 ) + l ’ 3 (~250o) “ 20,000 

. . / 1 \ (l 1 1 \ 10 

^ ^ + l ’ 2 V 2500/ + Vs ^2500 + 10,000 + 5000 ) ~ 5000 

Calculator solution: 

vi = 10.890625 V v 2 = 8.671875 V v 3 = 7.8125 V 

Calculate currents: 

10 — Vo 10 — Vo 

i'2 = -- = 66.40625 u A i 3 = -- = 437.5 u A 

20,000 P 5000 P 

Calculate power delivered by the sources: 

p 3mA = (3 x 10 _3 )t*! = (3 x 10“ 3 ) (10.890625) = 32.671875 mW 

Piovmiddie = ® 2 (10) = (66.40625 x 10“ 6 )(10) = 0.6640625 mW 
Piovtop = * 3 (10) = (437.5 x 10“ 6 )(10) = 4.375 mW 
Pdeliveredtotai = 32.671875 + 0.6640625 + 4.375 = 37.7109375 mW 


Calculate power absorbed by the 5 kff resistor and the percentage power: 

p 5k = ig(5000) = (437.5 x 10' 6 ) 2 (5000) = 0.95703125 mW 

0 95793125 

% delivered to R 0 : ^^^ (100) = 2.54% 

P 4.79 [a] From the solution of Problem 4.68 we have i?Th = 44.5 kff and Vrh = —19.8 V. 
Therefore 

r o = R Th = 44.5 kft 


2.2 mW 



Problems 4-87 


[c] 



The node voltage equations are: 
Vi — 90 


+ 


V\ 


+ 


Vi - v 2 


15,000 10,000 4000 


V2 - Vl 
4000 
v 3 - v 2 


+ 


+ 


V 2 


40,000 

vz 


+ 


v 2 - v 3 


5000 89,000 


5000 
+ 191 a "T 


= 0 
19*a = 0 
= 0 


vz 

44,500 


The dependent source constraint equation is: 

vi - v 2 

2 A = - 

4000 

Place these equations in standard form: 


Vl 


Vl 


+ 


+ 


15,000 10,000 4000 


+ v 2 


4000 
ui( 0 ) + v 2 


Vl 


1 


+ v 2 I 

1 

"5000 

+ v 2 


+ 


+ 


4000 
1 


+ u 3 (0) + * A (0) = 


90 


4000 40,000 5000 


+ v 3 


1 


15,000 
) - /a (-19) = 0 


+ v 3 

1 


+ 


+ 


4000 


5000 89,000 44,500 

'j + y 3(0) + *a( _ 1) — 0 


5000 

) +*a(19) = 0 


4000, 

Solving, 

Vi = 33.2818 V; v 2 = 31.4697 V; v 3 = -9.9 V; i A = 453 /xA 

Calculate the power: 


90 + 33.2818 


h = 


= 3.78 mA 


15,000 

p 90Y = — (90)(3.78 x 10“ 3 ) = -340.31 mW 
Pdep source = (t>3 - u 2 )(19iA) = -356.07 mW 
J^Pdev = 340.31 + 356.07 = 696.38 mW 

2.2 x 10~ 3 


delivered = 


696.38 x 10- 3 


x 100 = 0.316% 


P 4.80 [a] From the solution to Problem 4.67 we have 
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[b] 


Ro(ty 

Po( W) 

RoiP) 

Po( W) 

0 

0 

20 

320.00 

2 

200.00 

30 

270.00 

6 

337.50 

40 

230.40 

10 

360.00 

50 

200.00 

15 

345.60 

70 

157.50 



[c] R 0 = 10 Q, P 0 (max) = 360 W 

P 4.81 Find the Thevenin equivalent with respect to the terminals of R 0 . 
Open circuit voltage: 



(440 - 220) = 5 i a - 2 i h - 3 i c 

0 = —2i a + 10 i b — C 


ic i& ib 


i c = 0.5nA; 


v A = 2(i a - i b ); 




Problems 4-89 


Solving, ?' a = 96.8 A; i b = 26.4 A; i c = 70.4 A; va = 140.8 V 
.-. y T h = 7i b = 184.8 V 

Short circuit current: 



440 — 220 = 5 i a — 2i sc — 3 i c 
0 — 2 i a 3i sc li c 


i c — 0.5nAj va — 2(i a i sc ) . . i c — i a i sc 

Solving, i sc = 60 A; i a = 80 A; i c = 20 A; va = 40 V 

R Th = V Th /i sc = 184.8/60 = 3.08 Q 

R 0 = 3.08 H 


(92.4) 2 
3.08 


2772 W 


With R 0 equal to 3.08 H the circuit becomes 
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220 = 5*i — 3(0.5)(2)(*i — * 3 ) — 2 i 3 = 2*i + i 3 

2ii = 220 - i 3 = 220 - 43.2 = 176.8 .'. n = 88.4 A 

i'a = 2(*! — i 3 ) = 90.4 V 
i 2 = 0.5v a = 45.2 A 
Thus we have 



v c = 220 + 3(43.2) - 2 = 347.6 V 


Problems 4-91 


Therefore, the only source developing power is the 440 V source. 
p 440V = -(440) (88.4) = -38,896 W Power delivered is 38,896 W 
2772 

% delivered =-(100) = 7.13% 

oo one' ' 



The mesh current equations are: 

—100 + 4 (ii — i 2 ) + 80(ii — %) + 16% = 0 
124i A + 8 (i 2 — %) ~t~ 4(i 2 — %) = 0 

50 + 12% + 80 (% — %) + 8(% — i 2 ) = 0 

The constraint equation is: 

= % % 

Place these equations in standard form: 

%(4 + 80 + 16) + i 2 (—4) + %(—80) + 2 A (0) = 100 
*i(-4) +i 2 (8 + 4) +%(— 8 ) +?: a (124) = 0 

%(-80) +%(— 8 ) +%(12 + 80 + 8 ) +i A (0) = -50 

%(i) + %(o) + %(—1) + * A (i) = o 

Solving, % = 4.7 A; i 2 = 10.5 A; * 3 = 4.1 A; i A = — 0.6 A 
Also, Vrh = v a b = —80 z a = 48 V 

Now find the short-circuit current. 
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Note with the short circuit from a to b that i A is zero, hence 124? a is also zero. 
The mesh currents are: 

—100 + 4(ii — i 2 ) + 16zi = 0 

8 (i 2 — * 3 ) + 4(i 2 — * 1 ) = 0 

50 + 12i 3 + 8(i 3 — i 2 ) — 0 

Place these equations in standard form: 

?i(4 + 16) + i 2 (—4) + i 3 (0) = 100 

ii(—4) + * 2 (8 + 4) + i 3 (—8) = 0 

*i(0)+i 2 (-8)+i 3 (12 + 8) = -50 

Solving, ii = 5 A; i 2 = 0 A; i 3 — —2.5 A 
Then, i sc = i\ — i 3 = 7.5 A 
R Th = 48/7.5 = 6.411 



For maximum power transfer R 0 = R Th — 6.4 fl 
24 2 

[b] Pmax = -r-r = 90 W 
6.4 

P 4.83 From the solution of Problem 4.82 we know that when R 0 is 6.4 Q, the voltage 

across R 0 is 24 V, positive at the upper terminal. Therefore our problem reduces to 
the analysis of the following circuit. In constructing the circuit we have used the fact 
that i A is —0.3 A, and hence 124*a is —37.2 V. 



Problems 4-93 



Using the node voltage method to find v\ and v 2 yields 


4,05 + 2 i^l + 2 i^ = 0 
4 8 


2vi + v 2 = 104.4; v\ + 37.2 = v 2 


Solving, Vl = 22.4 V; v 2 = 59.6 V. 
It follows that 


l 92 

*2 


22.4-100 

16 

59.6 - 50 
12 

59.6 - 24 
8 " 


= -4.85 A 
0.8 A 
4.45 A 


i ds = -4.45 - 0.8 = -5.25 A 

Pioov = 100i 9l = -485 W 
Pmv = 50 i g2 = 40 W 
p As = 37.2i ds = —195.3 W 


J2'Pde V = 485 + 195.3 = 680.3 W 


% delivered 


0 ^ 00 ) = 13 ' 23 % 


13.23% of developed power is delivered to load 
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P 4.84 [a] Open circuit voltage 




30 

0 


ni(l) + n 2 (0) + i A (0) + n A (l) 


= 60 


ui(l) + u 2 (-l) + i A (-4) + u A (0) = 0 

Solving, v\ = 20 V; v 2 = —300 V; i A = 80 A; n A = 40 V 
Short circuit current: 


2fi v 1 4Q 



The node voltage equation: 

v\ — 60 V\ — 4 i/\ Vi 

2 + 5 + ~4 ' 

The constraint equation: 



Problems 4-95 


i A = v 1 /A 

Place these equations in standard form: 

+ ■ » 

U i(i) + * A (-1) = 0 

Solving, v\ = 40 V; i A = 10 A 
Then, v A = 60 - 40 = 20 V 
and i sc = i A — 2v A = 10 — 40 = —30 A 
Thus, R Th = -300/ - 30 = 10 ft 

[b] 



ion 


The node voltage equation: 

v* ~ 60 r> a ~ 4i A v a + 150 _ 

2 + 5 + 4 

The constraint equation is: 

V a + 150 

Place the equations in standard form: 

/ 1 1 1\ . / 4 

l ’T2 + 5 + 4j +!A r5 

Solving, Va, = 30 V; i A = 45 A 

Calculate the power: 
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2 60V 
P60V 


^^ = -15 A 
2 

(60)(—15) = -900 W 
At - 4i A 


5 


= -30 A 


p ccvs = 4(45)(-30) =-5400 W 

Pvcc S = (-150) [2(30)] = -9000 W 

5>dev = 900 + 5400 + 9000 = 15,300 W 
2250 


delivered = 


15,3000 


x 100 = 14.7% 


P 4.85 [a] First find the Thevenin equivalent with respect to R 0 . 
Open circuit voltage: = 0; 50= 0 


<+ - 


ov 


-vw— 

ion 


+ v a - a 
--♦ 


sn 


-Wv- 

2on i 


loon 


(t)2 8 0V 


400 n 


0.512 


Vi v-[ — 280 Vi — 280 V\ 

— + —-+ —-+ — + 0.5125V a = 0 

100 10 25 400 

(280 - vi) 

v A = -———5 = 56 - 0.2v! 

ZjO 

Vi = 210 V; v A = 14 V 

V Th = 280 - v A = 280 - 14 = 266 V 


Short circuit current 










Problems 



/\ 





50VV 



V 1 

i + - 

1 

i 

1 

I 

I 

a ! 

V 2 



: ion sn 

2 on 



; 

loon © 280v 

►- 

A 

Moon x/ 


--1 


0.512J 


rr + v -i - 280 + !| + rr +0.5125(280) = 0 

100 10 20 400 V ; 

v A = 280 V 

v 2 + 50*0 = Vi 

i$ = H—- = 56 + 0.05i>2 

0 5 20 

v 2 = -968 V; v 1 = -588 V 
^ = i sc = 56 + 0.05(—968) = 7.6 A 
R rh = V Th /i sc = 266/7.6 = 3511 
.'. = 3512 


2 66VC) 


35fi + 

133V f 3511 


Pmax = (133) 2 /35 = 505.4 W 
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[c] 



V\ V\ — 280 i>2 — 133 V'2 , . 

— + —-+ —-+ — + 0.5125 280 - 133 = 0 

100 10 20 400 V ; 

V‘2 + 50*0 = v\ r i<j, = 133/35 = 3.8 A 

Therefore, v\ = —189 V and v 2 = —379 V; thus, 

280 - 133 280 + 189 


h = 


= 76.30 A 


5 10 

j 9 280V (dev) = (280)(76.3) = 21,364 W 


P 4.86 [a] Since 0 < R 0 < oo maximum power will be delivered to the 8 Q resistor when 
R 0 = 0. 

24 2 

[b] P = — = 72 W 


P 4.87 [a] 110 V source acting alone: 


R c = 



12fi 


i' = 


110 


132 


5 + 35/6 13 


nys /132X 770 v 

V 6 ) V 13 ) 13 


4 A source acting alone: 









Problems 4-99 


4A 


120 

5 0|| 10 0 = 50/15 = 10/3 O 
10/3 + 2 = 16/3 0 
16/3|| 12 = 48/13 0 
Hence our circuit reduces to: 




+ v" 

a 


It follows that 

v" a = 4(48/13) = (192/13) V 
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P 4.88 70-V source acting alone: 







Problems 4-101 


// // | o •// 

v = + 2 i h 


v" = -50 + 10i" 


v" + 50 


^ + 50 
s 2 + 10 


*l' = 2 + C = 2 + ^ + 


t-" u" +' + 50 11 „ v" + 50 


20 2 10 20 


= 7ZzV h + 


// // o •// 

^ = v ~ 2? fe 


. ,, 11 / „ 9 -//\ , v " + 50 

• • h - 2* h ) 4-—— 


13 „ 100 


or C = —v" + 


42 42 


/13 .. 100\ „ 200 

Thus, v = —4 ( —v 4-) or v =-— V 

V42 42 ) 47 


. .. 1610 200 1410 

Hence, v = v + v = —--— = —— = 30 V 

47 47 47 

P 4.89 10 V source acting alone: 


lOvr 


VoiS 40Q 


v 0 i = -(10) = 5 V 

20 + 5 +15 v ; 


20 V source acting alone: 

5Q 10Q 


v 02 4 40Q 



7)20 V 


13.333 . , 

v 0 2 = - 20 = 5 V 

13.333+ 10 +30 v ; 
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6 A current source acting alone: 


5Q v 2 10Q 



Node voltage equations: 

V\ Vx — Vo 

rC ^~ 6 = 0 

V 2 - Vi v 2 v 2 -v 3 _ 

5 + 40 + 10 

r:i • " • (i = 0 

10 30 

In standard form: 

1,1 (^ + D + ” 2 (“D + ” 3(o) 


1,1 l“5l +, ’ 2 U + 40 + ToJ +! ' 3 

^1(0) + x. 2 (-A) + (_L + _L) 



6 

0 

-6 


Solving, Vl = 22.5 V; v 2 = 0 V; v 3 = -45 V 

Note that v o3 = v 2 = 0 V 

Finally, v Q = v ol + v o2 + v o3 = 5 + 5 + 0 = 10 V 

P 4.90 Voltage source acting alone: 



Voi ~ 25 v 0 i _ / v 0 i - 25 \ _ 

4000 + 20,000 V 4000 ) ~ 




Problems 4-103 


Simplifying 5v 0 i — 125 + v a \ — llv 0 i + 275 = 0 
v 0 i = 30 V 

Current source acting alone: 



Simplifying bv o2 + v o2 + 100 - 1 lv o2 = 0 
v o2 = 20 V 

v 0 = v ol + v o2 = 30 + 20 = 50 V 

P4.91 Voltage source acting alone: 



Voi = —(—135) = -90 V 


Current source acting alone: 
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V3 ~ V2 V3 = q 

20 + 25 + 40 ~~ 

v 2 = 441.6 V; v 3 = 192 V; i o2 = 192/40 = 4.8 A 
.'. v Q — v 0 \ + v o2 = —90 + 360 = 270 V 
%q = i„\ + i Q 2 = —2.25 + 4.8 = 2.55 A 

P 4.92 6 A source: 



30 0||50||60 0 = 40 

! - = 2^5' 6 )= 48A 


10 A source: 





Problems 4-105 



*o3 = - 4 ( 15 ) = - 2 - 4A 


1 o — ioi H - lo2 + i 0 3 — 4.8 + 1.6 — 2.4 — 4 A 
P 4.93 [a] By hypothesis i' a + i" = 3.5 mA. 


5mA 



it) - 

2kQ 



^ 5kQ ■ 

\1/ 

i T T T 

-Q-- 

t 

l 6kQ 

t 
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v b = 13.5 V 


In = 


Vb 


13.5 


6000 6000 


= 2.25 mA 


P 4.94 [a] 


v r) 

ThW 



2on 


60 

v oc = Vrh = 75 V; = — = 3 A; 

15 

Therefore Rrh = — = 50 


75 - 60 15 


'f’L = 


R 


Th 


R 


Th 


[b] i L = 


Vo _ VTh - Vo 

Rl Rt h 


Therefore R Th = ^ T1 ‘ = ( — - 1 ) R L 


P4.95 [a] 


v q /R l V v D 
xrQ (L-x)rQ 


-Wv- 

-Wv- 

+ 


D v: 

IRQ Q 

xr Q 

(L-x)rQ 

-Wv- 

-Wv- 


v - Vl U V - V2 _ 0 
2 xr R 2 r(L — x) 

11 1 


v = 


2 xr R 2 r(L — x) 

Vi RL + xR,(v 2 — h’i) 


Vl 


+ 




2xr 2 r(L — x) 


RL + 2rLx — 2 rx 2 
[b] Let D = RL + 2 rLx — 2rx 2 

dv (RL + 2 rLx — 2 rx 2 )R(v 2 — i?i) — [viRL + xR(v 2 — Vi)]2r(L — 2x) 


dx 

dv 

dx 


D 2 


= 0 when numerator is zero. 


The numerator simplifies to 

2 2L Vi RL(v 2 - t»i) - 2rviL 2 

x + t- -x 4- 7 -= 0 

\v 2 -vi) 2r(v 2 -vi) 



Problems 4-107 


[c] 


Solving for the roots of the quadratic yields 

X = ——— j -Vi ± \ ViV 2 - W~ri v 2 - Vi ) 2 \ 

v 2 - Vi I V 2 rL j 

= -—- \ -Vi ± \ ViV 2 - 77-7 ( v 1 - y 2 ) 2 i 

v 2 - Vi V 2-rL j 


v 2 = 1200 V, Vi = 1000 V, L = 16 km 
r — 5 x 10“ 5 Q/m; R = 3.9 fl 


16,000 


v 2 — Vi 1200 — 1000 


= 80; ViV 2 = 1.2 x 10 6 


=_ 3 - 9 <~ 2 °°> 2 , = 0.975 X 10= 

2rL v y (10 x 10~ 5 )(16 x 10 3 ) 

x = 80{—1000 ± ^T2^T0630d)975Tl06} 


= 80{ —1000 ± 1050} = 80(50) = 4000 m 

Vi RL + R(v 2 — Vi)x 
11111 RL + 2 rLx — 2 rx 2 

(1000)(3.9)(16 x 10 3 ) + 3.9(200)(4000) 
(3.9)(16,000) + 10 x 10“ 5 (16,000)(4000) - 10 x 10- 5 (16 x 10 6 ) 
= 975 V 


P 4.96 [a] In studying the circuit in Fig. P4.96 we note it contains six meshes and six 
essential nodes. Further study shows that by replacing the parallel resistors 
with their equivalent values the circuit reduces to four meshes and four 
essential nodes as shown in the following diagram. 

The node Voltage approach will require solving three node Voltage equations 
along with equations involving va and ig. 

The mesh-current approach will require writing one supermesh equation plus 
three constraint equations involving the three current sources. Thus at the 
outset we know the supermesh equation can be reduced to a single unknown 
current. Since we are interested in the power developed by the 1 V source, we 
will retain the mesh current ?' b and eliminate the mesh currents i a , i c And i d . 
The supermesh is denoted by the dashed line in the following figure. 
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1_ 8 9__J 

[b] Summing the voltages around the supermesh yields 

4 

-9i 0 + -i a + 0.75i b + 1 + 5i b + 7(i c - i d ) + 8i c = 0 

Note that i 0 = i h And multiply the equation by 12: 

—108i b + 16i a + 9ib + 12 + 60?' b + 84(i c — id) + 96i c = 0 

or 

16i a — 39i b + 180i c — 84i d = —12 

Now note: 

ib ic — 3 i 0 — 3/ b. . . i c — 2i b 

whence 

16i a — 39i b — 360i b — 84i d = —12 

Now use the constraint that 

C C 2 

i a — 2 + i c — 2 2i b 

Therefore 

-32 - 32i b - 399i b - 84i d = -12 
—431ib — 84i d = 20 


Now use the constraint 



8 i a = —16 — 16i b 









Problems 4-109 


P 4.97 


Therefore 

-4314 - 84(—16 - 164) = 20 
or 

9134 = -1324 


4 ~ —1.45 A 

Piy = 14 = —1.45 W; .'. piy (developed) = 1.45 W 


At node E: 

At node D: 
Constraint: 
Constraint: 
Constraint: 

In standard form: 
1 1 


Ve , V E - Sv x Ve - V B , _ _ 

- 6 + ^^ + ^— +5 = 0 


v D + 13 -ua 


Vt ) 

5 + 0.1+ y = 0 


t’A = v B - Ve 

v x = —+ 5*a — 0.9 
i A = (3v x - n B )/4 



VB (4 + 7 ) + M°) + V E (^--^) + V A (0) + v x + *a(0) 

V B (0) + v D (^ + ^) + M 0 ) + V A (y) + v x (0) + i A (0) 

v B ^ + vd(0) + ve + - + -'j + va(0) + v x + *a(0) = 

v B (— 1) + v D (0) + n E (l) + V A (1) + v x (0) + *a(0) 


0.1 

4.9 

-5 

0 


v B (0)+n D (0)+n E (0)+v A (l)+v x (l)+ i A (-5) = -0.9 

v B (l) + v D (0) + n E (0) + v A (0) + i.’ x (—3) + i A (4) 


0 
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P 4.98 


Solving, t-R = -11.17 V; v D = -20.95 V; v E = -16.33 V; 

v A = 5.16 V; v x = -2.87 V; i A = 0.64A 
P5A = (ue-«d)(5) = 23.1W 
The 5 A source absorbs 23.1 W 


0.15Q 0.15Q 



The mesh equations are: 

-125 + 0.154+ 18.4(4 - 4)+ 0.25(4 - 4) = 0 

—125 + 0.25(4 — 4) + 38.4(4 — 4) + 0.154 = 0 

0.154 + 18.4(4 — 4 ) + 0.25(4 — 4) + 18.4(4 — 4) = 0 

0.154 + 38.4(4 — 4) + 0.25(4 — 4 ) + 38.4(4 — 4 ) = 0 

11.64 + 38.4(4 — 4) + 18.4(4 — 4) = 0 

Place these equations in standard form: 

4(18.8)+4(-0.25) + 4(-18.4) +4(0)+4(0) = 125 

4(-0.25)+4(38.8)+4(0)+4(-38.4)+4(0) = 125 

4(-18.4)+ 4(0) + 4(37.2) +4(-0.25)+4(-18.4) = 0 

4(0)+4(-38.4) + 4(-0.25)+4(77.2)+4(-38.4) = 0 
4(0) + 4(0) + 4(-18.4) + 4(-38.4) + 4(68.4) = 0 

Solving, 

4 = 32.77 A; 4 = 26.46 A; 4 = 26.33 A; 4 = 23.27 A; 4 
Find the requested voltages: 

Vi = 18.4(4 - 4) = H3.90 V 
v 2 = 38.4(4-4) = 120.19 V 
v :i = 11.64 = 233.62 V 


20.14 A 




Problems 


4-111 


P 4.99 


IQ 



100 = Qi a — lib + 0 i c — 2i d — 2i e + Oif — 1 i g 
0 — —1 i a 4 ib — 2 i c + 0 id 0 i e 0 / j 0 ig 
0 = 0 i a — 2i b + 13 i c — 3 i d + 0i e + Oif + 0 i g 
0 = —2 i a + 0 i b — 3 i c + 9 i d — Ai e + Oif + 0 i g 

0 = —2 i a + Oift + 0 i c — Aid + 9i e ~ 3if + 0 i g 

0 = Di a + 0 i b + Oi c 4- 0 i d — 3i e + 13i/ — 2 i g 

0 = —1 i a + 0 ib + 0 i c + 0 i d + Oi e — 2if + Ai g 

A computer solution yields 

i a = 30 A; i e = 15 A; 

ib = 10 A; if = 5 A; 

i c — 5 A; i g — 10 A; 

i d = 15 A 

• i = i d -i e = 0A 

CHECK: PlT = p m = {ib) 2 = {i g ) 2 = 100 W 

PlL = {ia ~ ib) 2 = {ia ~ ig) 2 = 400 W 
P2C = 2 {i b - ic) 2 = {ig -if) 2 = 50 W 
Pi = 3 {ic ~ id) 2 = 3 {ie — if) 2 = 300 W 
Pi = A{i d - i e ) 2 = 0 W 
p 8 = 8 {i c ) 2 = 8 {if) 2 = 200 W 
P2L = 2 {i a - id) 2 = 2{i a - i e ) 2 = 450 W 
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P 4.100 


P 4.101 


5> abs = 100 + 400 + 50 + 200 + 300 + 450 + 0 + 450 + 300+ 
200 + 50 + 400 + 100 = 3000 W 
Y^Pgen = 1004 = 100(30) = 3000 W (CHECKS) 

dl> i — Ri[R 2 (R3 + Ra) + -R3-R4] 


(llgl 

(Ri + R 2 )(Rs + R4) 

+ 

R3R3 

dv 1 

R1R3R4 



dlg 2 

(R± + R 2 )(R '3 + i?4 ) 

+ 

R3R4 

dv 2 

—RIR3R4 



dig 1 

(Rl + R 2 )(R3 + -R 4 ) 

+ 

R3R4 

dv 2 

/?3-/?4(-Rl + i? 

2 ) 



ddg 2 (Rl + R2) (R '3 + R4) + R3R4 


From the solution to Problem 4.100 we have 


dv 1 _ -25[5(125) + 3750] _ 175 

dl~i ~ 30(125) + 3750 “ ~l2 V 

and 

dv, —(25)(50)(75) 

(//,i 30(125) + 3750 

By hypothesis, A/ 9l = 11 — 12 = —1 A 


Ani 



)(-l) 


175 

12 " 


14.5833 V 


Thus, ui = 25 + 14.5833 = 39.5833 V 
Also, 


A' 6’2 = (—12.5)(—1) = 12.5 V 

Thus, v 2 = 90 + 12.5 = 102.5 V 

The PSpice solution is 


v x = 39.5830 V 


and 


v 2 = 102.5000 V 


These values are in agreement with our predicted values. 
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P 4.102 From the solution to Problem 4.100 we have 

(25)(50)(75) 
dl g2 30(125) + 3750 

and 

dv 2 = (50) (75) (30) = 
dl g2 30(125)+ 3750 

By hypothesis, A I g2 = 17 — 16 = 1 A 

.-. Ait! = (12.5)(1) = 12.5 V 

Thus, m = 25 + 12.5 = 37.5 V 
Also, 

An 2 = (15) ( 1 ) = 15 V 

Thus, v 2 = 90 + 15 = 105 V 

The PSpice solution is 

v { = 37.5 V 
and 


v 2 = 105 V 


These values are in agreement with our predicted values. 
P 4.103 From the solutions to Problems 4.100 — 4.102 we have 


dv i 

dT 


175 


9 1 


12 


V/A; 


dv i 

dT 


= 12.5 V/A 


<72 


dv 2 


= -12.5 V/A; 


dv 2 


dlgl 
By hypothesis, 


dl, 


= 15 V/A 


92 


A/ 9 i = 11 - 12 = -1 A 
A/ 3 2 = 17 - 16 = 1 A 


Therefore, 


Am = — + 12.5 = 27.0833 V 
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Av 2 = 12.5 + 15 = 27.5 V 
Hence 

ui = 25 + 27.0833 = 52.0833 V 
v 2 = 90 + 27.5 = 117.5 V 
The PSpice solution is 
Vl = 52.0830 V 
and 

v 2 = 117.5 V 

These values are in agreement with our predicted values. 

P 4.104 By hypothesis, 

AR 1 = 27.5 - 25 = 2.5 O 
AR-2 = 4.5 - 5 = -0.5 0 
AR 3 = 55 - 50 = 5 O 
A^ 4 = 67.5 - 75 = -7.5 0 
So 

A Vl = 0.5833(2.5) - 5.417(-0.5) + 0.45(5) + 0.2(-7.5) = 4.9168 V 
.-. V\ — 25 + 4.9168 = 29.9168 V 

Av 2 = 0.5(2.5) + 6.5(—0.5) + 0.54(5) + 0.24(-7.5) = -1.1 V 

.'. v 2 = 90 — 1.1 = 88.9 V 

The PSpice solution is 

Vl = 29.6710 V 

and 

v 2 = 88.5260 V 

Note our predicted values are within a fraction of a volt of the actual values. 



The Operational Amplifier 



Assessment Problems 


AP5.1 [a] This is an inverting amplifier, so 

v a = (-R f /Ri)v s = (- 80/16)u s , so v Q = -5v s 

v s {\) 0.4 2.0 3.5 -0.6 -1.6 -2.4 

v 0 ( V) -2.0 -10.0 -15.0 3.0 8.0 10.0 

Two of the v s values, 3.5 V and —2.4 V, cause the op amp to saturate. 

[b] Use the negative power supply value to determine the largest input voltage: 

-15 = -5v s , v s = 3 V 

Use the positive power supply value to determine the smallest input voltage: 
10 = —5v s , v s = -2 V 
Therefore — 2 < v s < 3 V 
AP5.2 From Assessment Problem 5.1 

v 0 = (- Rf/Ri)v s = (-i4/16,000)u s 

= (-i^/16,000) (-0.640) = 0.64^/16,000 = 4x10 ~ 5 R X 

Use the negative power supply value to determine one limit on the value of R x : 

Axlti~ b R x = —15 so R x = -15/4 xl0~ 5 = -375 kU 

Since we cannot have negative resistor values, the lower limit for R x is 0. Now use 
the positive power supply value to determine the upper limit on the value of R x : 

4:Xl0~ 5 R x = 10 so R x = 10/4xl0" 5 = 250 kfl 

Therefore, 

0 <R X < 250 kU 


5-1 
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AP5.3 [a] This is an inverting summing amplifier so 

v 0 = {-R f /R a )v a + (~R f /R h )v h = -(250/5)u a - (250/25)u b = -50u a - 10u b 

Substituting the values for v a and u b : 

v 0 = -50(0.1) - 10(0.25) = -5 - 2.5 = -7.5 V 

[b] Substitute the value for v b into the equation for v 0 from part (a) and use the 

negative power supply value: 

v 0 = —50v a - 10(0.25) = —50u a - 2.5 = -10 V 
Therefore 50t’ a = 7.5, so v a = 0.15 V 

[c] Substitute the value for v a into the equation for v Q from part (a) and use the 

negative power supply value: 

v 0 = -50(0.10) - 10v h = -5 - 10u b = -10 V; 

Therefore 10u b = 5, so u b = 0.5 V 


[d] The effect of reversing polarity is to change the sign on the v b term in each 
equation from negative to positive. 

Repeat part (a): 

v 0 = _50t; a + 10v h = -5 + 2.5 = -2.5 V 

Repeat part (b): 

v 0 = —50v a + 2.5 = -10 V; 50u a = 12.5, v a = 0.25 V 
Repeat part (c): 

v 0 = -5 + 10u b = 15 V; lOt'b = 20; v h = 2.0 V 


AP 5.4 [a] Write a node voltage equation at v n ; remember that for an ideal op amp, the 
current into the op amp at the inputs is zero: 

Vn Vn ~ Vo _ Q 

4500 + 63,000 “ 

Solve for v 0 in terms of v n by multiplying both sides by 63,000 and collecting 
terms: 


14 v n + v n — v 0 — 0 so v 0 = 15 v n 


Now use voltage division to calculate v p . We can use voltage division because 
the op amp is ideal, so no current flows into the non-inverting input terminal 
and the 400 mV divides between the 15 kf2 resistor and the R x resistor: 


R, 


v P = 


15,000 + R, 


-(0.400) 
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Now substitute the value R x = 60 kQ: 

v p = - 60 ^° 00 -(0.400) = 0.32 V 

p 15,000 + 60,000 v ; 

Finally, remember that for an ideal op amp, v n = v p , so substitute the value of 
v p into the equation for v 0 

v D = lbv n = 15 v p = 15(0.32) = 4.8 V 

[b] Substitute the expression for v p into the equation for v Q and set the resulting 
equation equal to the positive power supply value: 


v n = 15 


0.4iL 


( 15,000 + R 
15(0.4/4) = 5(15,000 + R. 


= 5 


so R r = 75kf2 


AP 5.5 [a] Since this is a difference amplifier, we can use the expression for the output 

voltage in terms of the input voltages and the resistor values given in Eq. 5.22: 

20(60) 50 

V ° ~ 10(24 ) Vh ~ T0" a 

Simplify this expression and substitute in the value for v b : 

v 0 = 5(v b - v a ) = 20 - 5v a 

Set this expression for v Q to the positive power supply value: 

20 - 5v a = 10 V so v a = 2 V 

Now set the expression for v Q to the negative power supply value: 

20 - 5v a = -10 V so v a = 6 V 
Therefore 2 < v a < 6 V 

[b] Begin as before by substituting the appropriate values into Eq. 5.22: 

8 ( 6 °) 

v 0 = 10( . 12 ^ b - $v a = 4u b - 5v a 

Now substitute the value for u b : 

v„ = 4(4) - hv a = 16 - 5u a 

Set this expression for v 0 to the positive power supply value: 

16 - 5v a = 10 V so v a = 1.2 V 

Now set the expression for v Q to the negative power supply value: 

16 - 5v a = -10 V so v a = 5.2 V 
Therefore 1.2 < v a < 5.2 V 
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AP 5.6 [a] Replace the op amp with the more realistic model of the op amp from Fig. 5.15 

lOOkQ 


5kQ 




-VA- 


-Wv 


5kQ 


i-m-■ 

-• 


v {') 500kQ§ v 


30x10(—v ) 


+ 

v 


Write the node voltage equation at the left hand node: 


+ 


+ 


= 0 


500,000 5000 100,000 

Multiply both sides by 500,000 and simplify: 

v n + 100f n — 100f 9 + 5v n — 5no = 0 so 21.2t; n — v Q = 20v g 

Write the node voltage equation at the right hand node: 

v Q — 300,000(— v n ) v Q — v n 


+ 


= 0 


5000 100,000 

Multiply through by 100,000 and simplify: 

20v o + 6 x 10 6 f n + v 0 — v n — 0 so 6 x l(fv n + 21v 0 = 0 

Use Cramer’s method to solve for v 0 : 

21.2 -l' 


A = 


N n — 


6 x 10 6 21 

21.2 2 Of 

6 x 10 6 0 


= 6,000,445.2 


= -120 x 10V 


N 

v 0 = = —19.9985f„; 

A 9 


so — = -19.9985 

Vn 


[b] Use Cramer’s method again to solve for v n : 


N\ — 


20 Vg — 1 


0 21 


= 420f„ 


N\ 


v n = = 6.9995 x 10- 5 f„ 

A 9 


v g = IV, v n = 69.995 pV 
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[c] The resistance seen at the input to the op amp is the ratio of the input voltage to 
the input current, so calculate the input current as a function of the input 
voltage: 


v g — v n v g — 6.9995 x 10 5 v g 
h ~ 5000 “ 5000 

Solve for the ratio of v g to i g to get the input resistance: 


R 


9 


5000 

1 - 6.9995 x lO" 5 


5000.35 


[d] This is a simple inverting amplifier configuration, so the voltage gain is the ratio 
of the feedback resistance to the input resistance: 

Vo _ 100,000 _ 

v g ~ 5000 


Since this is now an ideal op amp, the voltage difference between the two input 
terminals is zero; since v p — 0, v n = 0 

Since there is no current into the inputs of an ideal op amp, the resistance seen 
by the input voltage source is the input resistance: 


R g = 5000 n 
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Problems 


P 5.1 [a] The five terminals of the op amp are identified as follows: 


inverting 
input 


non-inverting 
input 


positive 
power supply 


output 



negative 
power supply 


[b] The input resistance of an ideal op amp is infinite, which constrains the value of 
the input currents to 0. Thus, i n = 0 A. 


[c] The open-loop voltage gain of an ideal op amp is infinite, which constrains the 

difference between the voltage at the two input terminals to 0. Thus, 

(v p - v n ) = 0. 

[d] Write a node voltage equation at v n : 

Vn - 2.5 v n - y o _ 

10,000 + 40,000 “ 


But v p = 0 and v n = v p = 0. Thus, 


-2.5 v 0 
10,000 ~~ 40,000 


0 so v 0 = —10 V 


Vh — v a V\, — v n 

P 5.2 ——-1-yp— = 0, therefore v Q = 6v h - 5v a 


[a] 

v a = 

4 

v, 

Vb - 

= 0 

v, 

Vo = 

= -15 V 

[b] 

v a = 

2 

v, 

Vb 

= 0 

V, 

Vo = 

= -10 V 

[c] 

V a = 

2 

V, 

v h -- 

= 1 

V, 

Vo = 

= -4 V 

[d] 

V a = 

1 

V, 

Vb 

= 2 

V, 

Vo = 

= 7 V 

[e] 

If V h 

= 

1.6 V, 


v 0 ■ 

= 9.6 

~ 5t’ a 

= ±15 


-1.08 < v a < 4.92 V 


P 5.3 v 0 = -(0.5 x 10" 3 )(10 x 10 3 ) = -5 V 


-5 
” 5000 


-1mA 


P 5.4 Since the current into the inverting input terminal of an ideal op-amp is zero, the 
voltage across the 2.2 Mil resistor is (2.2 x 10 6 )(3.5 x 10~ 6 ) or 7.7 V. Therefore 
the voltmeter reads 7.7 V. 
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„ r r r , . 25 x 10- 3 r 

P 5.5 [a] i a =-= 5 uA 

5000 P 

v a = -50 x 10 3 i a = -250 mV 

Tbl Va + Va + Va ~ v ° - 0 
L J 50,000 + 10,000 + 40,000 

■ 4n a + 20w a + bv a - 5v 0 = 0 


v Q = 29vj5 = -1.45 V 


P 5.6 


[C] * a 

[d] i 0 


5 /iA 

-Vo Vg ~ Vo 

30,000 + 40,000 


78.33^ A 


[a] The gain of an inverting amplifier is the ratio of the feedback resistor to the 
input resistor. If the gain of the inverting amplifier is to be 6, the feedback 
resistor must be 6 times as large as the input resistor. There are many possible 
designs that use only 20 kfl resistors. We present two here. Use a single 20 kfl 
resistor as the input resistor, and use six 20 kfl resistors in series as the 
feedback resistor to give a total of 120 kfl. 


20kQ 20kQ 20kQ 



■O 

+ 


Alternately, Use a single 20 kU resistor as the feedback resistor and use six 20 
kfl resistors in parallel as the input resistor to give a total of 3.33 kO. 


20kQ 

—Wv 

20kQ 

-Wv 


2GkQ 
—Wv 

20kQ 

—Wv 

20kQ 

—VA- 

20kQ 
— va— 


20kQ 

-m- 



■o 

+ 

v 0 






[b] To amplify a 3 V signal without saturating the op amp, the power supply 

voltages must be greater than or equal to the product of the input voltage and 
the amplifier gain. Thus, the power supplies should have a magnitude of 

(3) (6) = 18 V. 

P 5.7 [a] The circuit shown is a non-inverting amplifier. 
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[b] We assume the op amp to be ideal, so v n = v p = 3V. Write a KCL equation at 

V n ■ 

^ + ^=o 

40,000 80,000 

Solving, 

v 0 = 9 V. 

V P = ^j( 12 ) = 9 V = V n 

Vn ~ 24 V n - V Q _ 

30 20 

v 0 = (45 — 48)/3 = -1.0 V 

i L = — x 10~ 3 = - - x 10" 3 = -200 x 10 -6 
5 5 

= —200 juA 


[a] First, note that v n — v p — 2.5 V 

Let v 0 \ equal the voltage output of the op-amp. Then 


2.5 - v g 2.5 - Vpi 
5000 10,000 


v 0 i = 7.5 - 2 v g 


Also note that v ol — 2.5 = v Q , 


v 0 = 5 - 2 Vg 



[b] Yes, the circuit designer is correct! 
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At saturation v Q = —5 V; therefore 



Thus for 0 < a < 0.40 the operational amplifier will not saturate. 



5-10 CHAPTER 5. The Operational Amplifier 


[b] When a = 0.272, v 0 = = -4 V 

l.zo 

A1 V o I Vo ■ n 

Also--b t 0 = 0 

10 25.6 

v Q v Q 4 4 

.-. i 0 — —--— = — +-mA = 556.25 iiA 

10 25.6 10 25.6 F 


P 5.12 [a] 



vvv 

v 

V 

cc 

n 



Ns V 

v - 

-... □ 

l p 

> 

< 

v 0 

11 < 
-V 

_ 7 l_ 

cc 

+ Iv 


v J 1 

a -f a 

- 1 R . 


V n ~ V a V n - V Q _ 

II + R ' 


2v n - V a = V Q 


Va. - Vn Va, - Vp _ 

R + R 


1 .21 V n V„ 


^ahr + 


R a R \ R R 


Va \ + R^)~ Vn = V ° 


V n = V p = V a + V g 


2v n - v a = 2v a + 2 Vg - v a = v a + 2v g 


v a — v Q — —2v g (1) 


2v a + v a 


V a - Vg = Vo 


v a (i + - Vo = Vg (2) 

Now combining equations (1) and (2) yields 


-Va-jT = -3 V g 
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R a 

or v a = 3 v g — 

it 

Hence R = tt = -jf Q-E.D. 

ita it 


[b] At saturation V c = ± V c 


V a . = ± Vcc - 2 Vo 


( 3 ) 


and 


V a (l + = it V CC + Vg 

Dividing Eq (4) by Eq (3) gives 

i? _ ± V CC + Vg 

± V cc - 2 Vg 


( 4 ) 


R 

R a 


4= Vcc + Vg 
± V cc - 2n g 


1 = 


3tv, 


± V, 


2v 

CC 


(± V cc - 2v 0 ) 

or R a = - --- RR Q.E.D. 

3 Vg 

P 5.13 [a] Assume the op-amp is operating within its linear range, then 


^L = 


4000 


= 2 mA 


For Rl = 4kf2 v 0 = (4 + 4) (2) = 16 V 


Now since v Q < 20 V our assumption of linear operation is correct, therefore 
— 2 mA 

[b] 20 = 2(4 + R l ); R l = 6kQ 

[c] As long as the op-amp is operating in its linear region i L is independent of R L . 

From (b) we found the op-amp is operating in its linear region as long as 
Rl < 6kft Therefore when R L = 16kf2 the op-amp is saturated. We can 
estimate the value of il by assuming i p = i n <C %l- Then 
%l — 20/(4,0000 + 16,000) = 1 mA. To justify neglecting the current into the 
op-amp assume the drop across the 50 kfl resistor is negligible, and the input 
resistance to the op-amp is at least 500 kO. Then 
i p = i n = (8 — 4)/(500 x 10 3 ) = 8 fiA. But 8 /iA <C 1 mA, hence our 
assumption is reasonable. 
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• First, it enables the source to control 2, 500 times as much power delivered 
to the load resistor. When a small amount of power controls a larger 
amount of power, we refer to it as power amplification. 

• Second, it allows the full source voltage to appear across the load resistor, 
no matter what the source resistance. This is the voltage follower function 
of the operational amplifier. 

• Third, it allows the load resistor voltage (and thus its current) to be set 
without drawing any current from the input voltage source. This is the 
current amplification function of the circuit. 

P 5.16 [a] 

[b] 

[c] 

.'. r>b = —1.3 V when v Q = —6 V; 

Vb = —2.5 V when v a — 6 V 


This circuit is an example of an inverting summing amplifier. 
220 220 220 

v Q =- v a - Vb - v c = — 8 + 15 — 11 = —4 V 

33 22 80 

v 0 = — 19 — 10r’b = ±6 


-2.5 V < v h < -1.3 V 


P 5.17 


[a] Write a KCL equation at the inverting input to the op amp: 


Vd - Vb Vd ~ Vc Vd Vd ~ Vo _ Q 

40,000 + 22,000 + 100,000 + 352,000 + 220,000 “ 

Multiply through by 220,000, plug in the values of input voltages, and 
rearrange to solve for v Q : 


f 4 -1 -5 

v 0 — 220,000 ( „„„ + „„„ + 


40,000 22,000 100,000 


352,000 220,000 


= 14 V 


[b] Write a KCL equation at the inverting input to the op amp. Use the given values 
of input voltages in the equation: 

8 — v a 8 — 9 8 — 13 8 8 — v 0 

40,000 + 22,000 + 100,000 + 352,000 + 220,000 “ 

Simplify and solve for v Q : 

44 - 5.5n a - 10 - 11 + 5 + 8 - v 0 = 0 so v 0 = 36 - 5.5n a 

Set v 0 to the positive power supply voltage and solve for v a : 

36 — 5.5n a = 15 v a = 3.818 V 

Set v 0 to the negative power supply voltage and solve for v a : 

36 — 5.5n a = —15 /. v a = 9.273 V 
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P 5.18 


P 5.19 


P 5.20 


Therefore, 


3.818 V < v a < 9.273 V 

r 8 - 4 8-9 8- 13 8 8 - v 0 n 

[fl] -T-T-T-T-— 0 

40,000 22,000 100,000 352,000 R f 


- V n 


~ Vo 


= -2.7272 x 10~ 5 so R f =— 

R f 1 -2.727 x 10- 5 

For v 0 — 15 V, R f = 256.7kfl 

For v 0 = -15 V, Rf <0 so this solution is not possible. 


[b] i 0 = —(if + iiok) = - 


15-8 15 

+ 


= -1.527 mA 


256.7 x 10 3 10,000 

We want the following expression for the output voltage: 

v 0 = —(2v a + Av b + 6v c + 8v d ) 

This is an inverting summing amplifier, so each input voltage is amplified by a gain 
that is the ratio of the feedback resistance to the resistance in the forward path for 
the input voltage: 


Vo = 


48 48 48 48 ' 

TT^a + ~S~V h + —V C + — V d 
K a rt b lie lid 


Solve for each input resistance value to yield the desired gain: 
R a = 48,000/2 = 24 kfl R c = 48,000/6 = 8 kft 

R h = 48,000/4 = 12 kfi R d = 48,000/8 = 6 kfi 

The final circuit is shown here: 



[a] v p = v s , v n = 


Therefore v n = 


R\ + R-2 

R\ + R'2 
Ri 


V n = V p 


V s ~ I 1 + 


R2 

Ri 
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[b] v 0 = v s 

[c] Because v 0 = v s , thus the output voltage follows the signal voltage. 


P 5.21 v 0 


Ri 

3000 


(0.15) + 


Rt 

5000 


( 0 . 1 ) + 


Ri 

25,000 


(0.25) 


-6 =-8 x 10~ 5 i? f ; i? f = 75kU; 0 < Rf < 75kU 


P5.22 [a] This circuit is an example of the non-inverting amplifier. 

[b] Use voltage division to calculate v p : 

10,000 v s 

Vp ~ 10,000 + 30,000 ^ “ 4 

Write a KCL equation at v n = v p = v s /A: 

Vs! A v s /A - Vp _ 

4000 + 28,000 
Solving, 

v 0 = 7v s /A ± v s /A = 2v s 

[c] 2v s = 8 so v s = 4 V 


2v s = —12 so v s = — 6 V 


Thus, — 6 V < v s < A V. 

P 5.23 [a] v p = v n = —-- v Q = 0.85v„ 

p 80,000 9 9 

0.85u„ 0.85u, — v Q 

- 9 H- 9 -- = 0; 

30,000 63,000 

.-. v Q = 2.635 v g = 2.635(4), v 0 = 10.54 V 

[b] v 0 = 2.635 v g = ±12 

v g = ±4.554 V, -4.554 < v g < 4.554 V 

0.85v g 0.85v g - Vo 

[c] -- H---= 0 

30,000 R f 


f 0.85i?f 
V 30,000 


±0.85 


Vg = V 0 


±12 


1.7xl0 _3 7?f ± 51 = ±360; 1.7x 10" 3 i? f = 360 - 51; R { = 181.76kU 


P 5.24 


[a] This circuit is an example of a non-inverting summing amplifier. 
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P 5.25 


P 5.26 


[b] Write a KCL equation at v p and solve for v p in terms of v s : 


v„ — v x _ v„ — 6 


= 0 


15,000 30,000 

2 v p — 2v s + v p — 6 = 0 


so 


v p = 2v s /3 + 2 


Now write a KCL equation at v n and solve for v 0 : 

V n V n -V 0 

--= 0 so v 0 = 4 v n 

20,000 60,000 

Since we assume the op amp is ideal, v n = v p . Thus, 

v Q = 4(2u s /3 + 2) = 8v s /3 + 8 
[c] 8v s /3 + 8 = 16 so v s = 3 V 

8v s /3 + 8 = -12 so v s = -7.5 V 
Thus, -7.5 V < v s < 3 V. 

[a] The circuit is a non-inverting summing amplifier. 


[b] 


v„ - v a 


+ 


Vp - v h 


= 0 


3.3 x 10 3 4.7 x 10 3 

.-. v p = 0.5875n a + 0.4125v b 

V n V n -V 0 _ 

10,000 + 100,000 “ 

.-. v 0 = llv n = 11 v p = 6.4625n a + 4.5375v b = 8.03 V 
[c] v p = v n = = 730 mV 

Va, ~ V ; 

3.3 x 10 3 
Vb - v p 


— 


%b = 


p = — 100/xA 
= 100 /iA 


4.7 x 10 3 
[d] 6.4625 for v a 

4.5375 for v h 

r , V v — V a V v — Vb Vn — V c Vn 

[al + + + w = 0 

ito il h -Lie -Lin 


v p = 


Rb R< 

RbR c Rg RaRrR, 


D 


a j. i, C i I ,q RaRbRq 

Va H-H-~- - Vr 


D 


D 


where D = R\,R ( Tl g + R a R c R g + R a R h R g + If If, If 
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Vn_ Vn - Vo _ Q 

R, Rf 


Re Rf 


V 0 — I 1 + 


v 0 

Rt 


Rt 

Re 


where k — f 1 + 


v p = v n 


• v D = kv p 


Vn = kv r 


Rt 

Re 


or 


Vn = 


kRgRjJi,. 


D 


v a + 


kRgR a R c 

D 


Vb + 


k Rg R&Rh 


D 


kR g RbRc 

D 


= 3 


kRgR&R c 
—£^= 2 

kRgR a Rb 


R) 

7T = L5 

R, _ 

Rb 


D 


= 1 


R r 


= 3 


R-a 

Since R a = 2 kfl i?b = 3 kfl R c = 6 kfl 

D = [(3)(6)(4) + (2)(6)(4) + (2)(3)(4) + (2)(3)(6)] x 10 9 = 180 x 10 9 
/c(4)(3)(6) x 10 9 


180 x 10 9 


= 3 


, 540 x 10 9 „ 

k = l2TW =7 - 5 

'■ 7 ' 5 = 1 + f 

1L S 

Rt 

7T = 6 - 5 

its 

R { = (6.5) (12,000) = 78 kfl 
[b] v 0 = 3(0.8) + 2(1.5) + 2.10 = 7.5 V 
7.5 


v n = v p = 


7.5 

0 . 8-1 - 0.2 


^a — 


2000 2000 


= 1.0 V 

= —0.1 mA = —100 n A 
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P 5.27 


1.5-1.0 0.5 

ib =-=-= 166.67 uA 


3000 3000 

2 . 10 - 1.0 1.1 


^ c. 


6000 


6000 


= 183.33 pA 


%9 4000 


i* = 


= 250 ji A 
1 


12,000 12,000 


= 83.33 pA 


[a] 


Vp - v a t v p - v h t Vp - v c _ 


Ha 


+ 


Rb 

RbRc 


+ 


R r 


Vp= D 


Ra r< 


„ ^ R & R\a 

v a H-— t’b H- —Vr. 


D u D 
where D = RbR c + R a R c + Ra R\> 
Vr, + Vn - Vo _ Q 


10,000 Rf 

( Rf 


10,000 


+ 1 )v n = Vo 


Let 


Rr 


10,000 

v 0 = kv n = kv p 
kR^Rc 


+ 1 — k 


Vn = 


D 


kRbR c 


D 


= 5 


kR a R c kR a Rb 
v a H-—— v h H-—— v c 

R c 


Ra 


= 5 


kR a R c 

D 

kR a Rh 

D 


= 4 


= 1 


^7=4 

Rb 


.-. R c = 5R a = 5kQ 
R h = R c /A = 1.25 kfi 

.-. D = (1.25)(5) + (1)(5) + (1.25)(1) = 12.5 x 10 6 
• 5P (5)(12.5) x 10 6 1Q 


R h R c (1.25) (5) x 10 6 


Rf 


+ 1 = 10 , 


10,000 


Rf = 90kfl 
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P 5.28 


[b] v 0 = 5(0.5) + 4(1) + 1.5 = 8 V 


v n = v o /10 = 0.8 V = v p 
v a — v p 0.5 — 0.8 


^a 


i h = 


V'C. — 


1000 1000 
Vb — Vp 1 — 0.8 


= —300 fiA 


1250 1250 

v c — v p 1.5 — 0. 


5000 


5000 


= 160 fiA 


= 140 /jA 


[a] Assume v a is acting alone. Replacing v h with a short circuit yields v p = 0, 
therefore v n = 0 and we have 

o-,. + o-< + , ii = o i in = 0 


R a A 
Therefore 


Rb 


Va 

RJ 


Rh 


/ Md 

V o — — TO l ’a 
-*£a 


Assume is acting alone. Replace with a short circuit. Now 

^b-^d 


Vp V n 


R c + R,\ 


— + 

R, 


Rh 


T In 0, 


i n 0 


1 M ( Rd \ _ K =n 

A a R.J \R C + RJ Vh Rh 


v’l = + 1 

-*ba 


Ra 


Rc + Rd 


Rd ( R-,i + Ry 


Vh = TT 


/ // Ad (Ra, T Ab 

Vo = V n + V= — 


Ra V -Rc + Rd 


Ra V A c + -Rd 
-Rb 

Vb - -5“V a 

■tla 


Vb 


[b] ^ o b ) = TT- therefore A d (Aa + -R b ) = Ab(A c + Rd) 

-Tta V -^c “I - -T^d / -^a 


RdRa RbRci 

\\7U R ' 1 / -Ra + -Rb 

When 


A;, V A, + A 


, f A a Rc 

therefore — = — 

Rb Rd 

Rb 

Ra 


Eq. (5.22) reduces to v 0 = (v b - v a ). 

-*ta -O^a -O^a 
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P 5.29 Use voltage division to find v p : 


v 


V 


2000 

2000 + 8000 


(5) 


1 V 


Write a KCL equation at v n and solve it for v Q : 

R f 


V n - v n + v n - Vp _ 0 


5000 


R 


so 


/ 


5000 


+ 1 ) V n — 


Rf 
5000' 


:V a = V n 


Since the op amp is ideal, v n = v„ = IV, so 


v„ = 


Rf 


+ 1 - 


Rf 


,5000 ' ~J 5000 
To satisfy the equation, 

( R f 


+ 1=5 


V5000 
Thus, R f = 20 kfl 

P 5.30 [a] 


and 


Rf 

5000 


= 4 


'p + Vp - Vc + Vp - _ 0 


72,000 9,000 24,000 

.'. v p = (2/3)u c + 0.25vd = v n 

Vn - V a Vn - Vb Vn ~ Vp _ „ 

12,000 + 18,000 + 144,000 “ 



v 0 = 21v n - 12v a - 8v h 

= 21[(2/3)u c + 0.25nd] — 12v a — 8ub 
= 21(0.4 + 0.2) - 12(0.5) - 8(0.3) = 4.2 V 
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P 5.31 


P 5.32 


[b] v 0 = Uv c + 4.2 - 6 - 2.4 
±15 = Uv c - 4.2 
.-. 14n c = ±15 ± 4.2 
.'. v c = 1.371 V and 
• —771 < v c < 1371 mV 


v r = -0.771 V 


_ R d( R a, ± R b) _ R b „. _ 47(110) 

13 V ° R a (R c + R d ) Ub R, Va 10(80) 

v 0 = 5.17- 6.70 = -1.53 V 


(0.80) - 10(0.67) 


[b] v n = v p = 


(800)(47) 




80 

(670 -470) 10” 3 
10 x 10 3 

_ v a _ 670 x 10- 3 
a “ 4 “ 20 x lO" 6 

[c] R in b = R c ± R d = 80 kfi 

f'b R i 

V v = - = v n 

p R a ± R b 


= 470 mV 
= 20 fiA 
= 33.5 kfl 


Vn - Va. Vn ~ Vp _ Q 


4700 


Rt 


Rf , \ v a R{ 

Vn I "nrbTbr ± 1 ) - = Vo 


4700 


( -Rf 


±1 


V4700 ) R a ± R 


4700 


Rb 


~Vb 


Rf 

4700 


v a = v 0 


Rf 

4700 


Rf 

4700 


11 


= 10; R f = 47 kll 


± 1 = 11 


Rb 


R a ± Rv 


= 10 


11 _R b = 10R b ± 10R a 


Rb = 10R a 



5-22 CHAPTER 5. The Operational Amplifier 


P 5.33 


P 5.34 


R a + R b = 220 kfl 
11/4 = 220 kll 
R a = 20 kll 

R h = 220 - 20 = 200 kll 


Vp V n R\Ph 


Rbib 3000i a R4b v q _ 

3000 R f 


( Rb Rb \ ■ ■ V 0 

--2k — L = - 


V3000 + R f 1 lb 1 


Vo = 


RbRf 

3000 


+ -Rb 


Rf 

2b Rf4 


Rf = 200011 


(2/3) R b + Rb = 2000 


Rb = 120011 


Rd(Ra + Rb) Rb 
Vo R a (R c + R d ) Vh ~ T a V * 


By hypothesis: Rb/R a = 4; R c + Rd = 470 kk2; 


Rd(R a + Rb) 
R a (R c + Rd) 


= 3 


Ra (R a + 4R a 


R a 470,000 
Also, when v Q = 0 we have 


Vn ~ Va, Vn _ Q 

R a Rb 


= 3 so /4 = 282 kf2; R c = 188 kfi 


R 

( 1 + —- ) = v a , v n = 0.8v a 


v a - 0.8n a 


la = 


R a 


= 0.2—4— ; R in = ^ = 5R a = 22kft 


R a = 4.4kO; 


R b = 17.6 kll 
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P 5.35 [a] v n = v p = av g 

Vn - Vg V n - Vo 

-- H-= 0 

Ri R{ 

Ri 

( v n ~ V g ) n +V n ~ V 0 = 0 

ti 1 


a 

Vo 

a 

Vo 

a 

Vo 

0.0 

-8 V 

0.4 

-4 V 

0.8 

0 V 

0.1 

—7 V 

0.5 

-3 V 

0.9 

IV 

0.2 

-6 V 

0.6 

-2 V 

1.0 

2 V 

0.3 

-5 V 

0.7 

-1 V 





(av g - Vg )4 + aVg 

[(a - 1)4 + a]v g 


(5a — 4 )v g 

(5a-4) (2) = 10a-8 



[b] Rearranging the equation for v Q from (a) gives 


= (f + 0 + - (f) 

Therefore, 

slope = (^- + 1^ v g ] intercept = - (^-)v g 
[c] Using the equations from (b), 

-6 = (| + l) v g \ 4 = - (|) v. 


P 5.36 v n = 


Solving, 

v g = -2 V; 
1500 


I- 


9000 


18) = -3 V = v r 


18-3 


-3 - v 0 
Rr 


= 0 


1600 
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P 5.37 


P 5.38 


P 5.39 


v 


O 


15 

1600 


R{ — 3 


v 0 = 9 V; R { = 1280 0 

v Q = -9 V; R f = -640 ft 

But R,f > 0, i? f = 128012 

= (24)(26) + (25)(25) = 
(2)(1)(25) 

[b] = l&M = -0.04 


[c] CMRR = 


1(25) 

24.98 


0.04 

(20)(50) - (50)77 


= 624.50 


Acm 20(50 + R. 


4idm 

^dm _ 
~4 — 


50(20 + 50) + 50(50 + R x 
2(20) (50 + R x ) 


R x + 120 
2(20 - R x ) 


R x ± 120 


= ±1000 for the limits on the value of R, r 


2(20 - R. 

If we use ±1000 R x = 19.93 kf2 
If we use —1000 R r = 20.07 kfl 


19.93kfl < R r < 20.07kf2 


[a] Replace the op amp with the model from Fig. 5.15: 


lOOkQ 
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Write two node voltage equations, one at the left node, the other at the right 
node: 

Vn ~ Vg Vn ~ Vq Vn _ „ 

5000 + 100,000 + 500,000 “ 

v 0 + 3 x 10 5 v n v 0 -v n v 0 _ 

5000 + 100,000 + 1000 “ 

Simplify and place in standard form: 

106v n — 5v 0 = 100n g 
(6xl0 6 — l)v n + 121n 0 = 0 


Let v g — IV and solve the two simultaneous equations: 
v 0 = -19.9915 V; v n = 403.2 //V 
[b] From the solution in part (a), v n = 403.2 //V. 


[C] in 


Vg - V r 


Vg — 403.2 x 10 6 v g 


Rg=-= T 

%n 1 


403.2 x 10~ 6 


= 5002.02 n 


[d] For an ideal op amp, the voltage gain is the ratio between the feedback resistor 
and the input resistor: 

Vo _ 100,000 _ 

v n ~ 5000 


For an ideal op amp, the difference between the voltages at the input terminals 
is zero, and the input resistance of the op amp is infinite. Therefore, 


v n =v p = 0 V; 


R g = 5000 Q 


P 5.40 Note - the load resistor should have the value 4 kO. 


[a] Replace the op amp with the model shown in Fig. 5.15. The node voltage 
equation at the inverting input: 

Vn Vn - Vg Vn ~ Vp _ Q 

40,000 + 500,000 + 80,000 “ 

Simplify: 

12.5v n + v n — Vg + 6.25n„ — 6.25u 0 = 0 

The node voltage equation at the op amp output: 

Vo Vo 20,000(u p Vn) v 0 v n 
4000 + 5000 + 80,000 


0 
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Simplify: 

20v o + I6v 0 — 320,000(v p — v n ) + v 0 — v n — 0 
From the input, 

Vp - v n = 0.8 (v g - V n ) 

Substituting into the equation written at the output, 

20v o + 16v 0 — 256,000(n g — v n ) + v 0 — v n — 0 

Now let v g = 1 V; plug this value into both the input and output equations and 
simplify into two simultaneous equations: 

19.75v n - 6.25v 0 = 1 
255,999u n + 37 v 0 = 256,000 




Problems 5-27 


P 5.41 


[a] 


24kQ 



V T h + 10 5 t>n VTh - Vn _ 
2000 24,000 

Solving, i’ Th = —13.198 V 


Short-circuit current calculation: 


24kQ 



v„ = 0.823 V 


10 5 




24,000 2000 

R Th = ^ = 320.90 mil 


-v„ = -41.13 A 


-VA- 


320.90 mQ 


-13,270 

b 

-* 
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[b] The output resistance of the inverting amplifier is the same as the Thevenin 
resistance, i.e., 

R 0 = -Rt h = 320.90 mf2 


[c] 



330Q 


V n = 


( 330 \ (-13.198) = -13.185 V 
V330.32/ v ' 


24kQ 



v n — 0.88 v n v n + 13.185 
1600 + 500,000 + 24,000 


v n = 941.92 pV 


0.88 - 941.92 x 10 


-6 


h = 


1600 
0.88 

9 0.88 - 941.92 x 10~ 6 


= 549.41 pA 
(1600) = 1601.7 ft 


P 5.42 [a] v Th = —(0.88) = -13.2 V 

1.6 

Rtii = 0, since op-amp is ideal 


13.2VQ 




Problems 
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P 5.43 


P 5.44 


[b] R 0 = i?Th = 0 £2 

[c] R g = 1.6 kf2 since v n = 0 

135kQ 



Vn - Vg Vn ~ Vp _ Q 

15,000 + 135,000 “ 

• v Q = 10v n - 9 Vg 

Also v Q = A(v p - v n ) = -Av n 


V 


n 



V 


o 



-9 Vg 


-9 A 

(10 + A)' 1 ’ 3 


[b] v 0 = 

[c] Vo = - 

[d] -3.42 


-9(90)(0.4) = _ 3 . 
(10 + 90) 

9(0.4) = -3.60 V 
-9(0.4)A 
10 +A 


V 


A = 190 


From Eq. 5.57, 


+ef _ ; / 1 1 J_\ _ Vo_ 

R + AR~ Vn \R + AR + R-AR + R f ) R f 
Substituting Eq. 5.59 for v p = v n : 

V re { _ V ref ( R+AR + R-AR + Rj) V a 

R + AR (i? - AR) R s 
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Rearranging, 

Vo_ _ ; / 1 _ 1 \ 

R f ~ Vrei \R-AR R + ARj 

Thus, 



i 2 + H + 0 = 10 mA; i 2 = 9 mA 
v o2 = 10 + (400) (9) x 10" 3 = 13.6 V 


15-13.6 

2000 


0.7mA 


i\ = ij, + i\ = 1.7mA 


v ol = 15 + 1.7(0.5) = 15.85 V 



Problems 5-31 


P 5.46 v p = —~zv g = 0.7 v g = 7sin(7r/3)t V 

8.0 

Vn Vn ~ Vo _ „ 

15,000 + 75,000 “ 

6v n = v 0 ; v n = v p 


.'. v a = 42sin(7r/3)f V 0 < t < oo 
v 0 — 0 t < 0 

At saturation 


42 sin t = ±21; 

sin 

7T 

—t = ±0.5 

3 

7T 7T 57T 

7n 

117T 

- 1 = - - 

— 

-, etc. 

3 6’ 6 ’ 

6 ’ 

6 ’ 

t = 0.50 s, 2.50 s, 

3.50 s, 

5.50 s, etc. 



P 5.47 It follows directly from the circuit that v D = — 1 6v g 
From the plot of v g we have v g — 0, t < 0 


V 9 = 

t 

0 < t < 0.5 

V 9 = 

— t ± 1 

0.5 < t < 1.5 

V 9 = 

t — 2 

1.5 < t < 2.5 

V 9 = 

-t + 3 

2.5 < t < 3.5 

V 9 = 

Therefore 

t — 4 

3.5 < t < 4.5. 
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Vo = 

— 16t 

0 < t < 0.5 

Vo = 

16t - 16 

0.5 < t < 1.5 

Vo = 

— 16f + 32 

1.5 < t < 2.5 

Vo = 

16t - 48 

2.5 < t < 3.5 

Vo = 

— 16t + 64 

3.5 <t< 4.5, 


These expressions for v Q are valid as long as the op amp is not saturated. Since the 
peak values of v 0 are ±5, the output is clipped at ±5. The plot is shown below. 



.48 [a] Use Eq. 5.61 to solve for Rf, note that since we are using 1% strain gages, 

A = 0.01: 

fl, = ™ = 2kO 

' 2AtVr (2) (0.01) (15) 

[b] Now solve for A given v 0 = 50 mV: 


A 


VqR 

2-R/l'ref 


(0.05)(120) 

2(2000)(15) 


100 x 10" 6 


The change in strain gage resistance that corresponds to a 50 mV change in 
output voltage is thus 


AR = AR = (100 x 10 _6 )(120) = 12 mU 
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P 5.49 [a] 


R+AR R 



[11 J_1 _ ^in 

Vp [R f + R + ““ i?i 


RRfV'm 

p RRi + R f Ri + R f R 

Vn Vn - An Vn ~ Vp _ „ 

R + R + R f 

111] V 0 _ V [n 

Vri - H - - H - - — - - - 

n ID ID ID P P 

it it Itf ltf It 

R + 2 Rf Vq 

' ' Vn [ RR f \ ~lR = Rf 

Vo R + 2Rf RRfV in Vin 

Rf 7?/?^ [RRi RfRi + RfR] R 

Vo _ \ R + 2R f ll 

Rf RRi + RfR\ + RfR R 

[R 2 + 2 RRf — Ri(R + Rf) — RRf\Rf 
" Vo= RiR^R+Rf) + RRf] Vin 

Now substitute R x — R + A R and get 

—A R(R + Rf)RfV{ n 
V ° = R[(R + A R)(R + R f ) + RRf] 

If A R<^R 

(R, + Rf)Rf{ — /\R)i>i n 
' R?(R + 2R f ) 

47 x 10 4 (48 x 10 4 )(-95)15 
10 8 (95 x 10 4 ) 


[b] v, 


rs j 




-3.384 V 
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P5.52 [a] It follows directly from the solution to Problem 5.49 that 

\R? + 2 RRf — + Rf) — RRf]RfV[ n 

V ° ~ R[RAR + R/) + RR f \ 

Now Ri = R — A R. Substituting into the expression gives 

(R + 

V ° = R[(R - AR)(R + R f ) + RR f } 

Now let A R <C R and get 
(f? + /?/)/?/A Rv j n 



Problems 


5-35 


[b] It follows directly from the solution to Problem 5.49 that 

approx value R[(R — A R)(R + Rf) + RRf] 
true value R 2 (R + 2Rf) 


Error 


(R — A R)(R + Rf) + RRf — R(R + 2 Rf) 
R(R + 2 R f ) 


-A R(R + R f ) 
R(R + 2R f ) 


error = 


-A R(R + Rf) 


x 100 


+ 2 Rf) 

[c] R - AR = 9810 Q A R = 10,000 

(48 x 10 4 )(47 x 10 4 )(190)(15) 


v 0 


10 8 (95 x 10 4 ) 


-9810 = 19011 
« 6.768 V 


[d] % error 


-190(48 x 10 4 )(100) 
10 4 (95 x 10 4 ) 


-0.96% 



-6 

Inductance, Capacitance, and Mutual 

Inductance 


Assessment Problems 

AP 6.1 [a] i g = 8e~ 3m - 8e~ 1200t A 

v = L (h f = —9.6e _30W + 38.4e _1200t V, t > 0 + 
at 

u(0 + ) = -9.6 + 38.4 = 28.8 V 

[b] v = 0 when 38.4e _1200t = 9.6e" 30W or t = (In 4)/900 = 1.54ms 

[c] p = vi = 384e -1500< - 76.8e" 600t - 307.2e" 2400i W 

[d] — = 0 when e 1800t - 12.5e 900t + 16 = 0 
at 

Let x = e 900t and solve the quadratic x 2 — 12.5a; + 16 = 0 

x = 1.45, t = -— = 411.05 us 

’ 900 P 

In 11.05 

x = 11.05, t =-= 2.67 ms 

’ 900 

p is maximum at t — 411.05 ps 

[e] p max = 384e _L5( ' 0 ' 41105 ^ - 76.8e-°- 6 ( a41105 ) - 307.2 e - 2 - 4(a411 ° 5 ) = 32.72 W 

[f] W = 8[e- 0 - 3 ( L54 ) - e ~ 1 - 2 ( 1 - 54 )] = 3.78 A 

u; max = (1/2)(4 x 10 _3 )(3.78) 2 = 28.6mJ 

[g] W is max when i is max, i is max when di/dt is zero. 

When di/dt = 0, v = 0, therefore t = 1.54 ms. 


6-1 
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, dv 
dt 


AP 6.2 [a] i = C— = 24 x 1(T 6 —[e" 15 ’ 000 * 

dt 


sin 30,0001] 


= [0.72 cos 30,0001 - 0.36 sin30,0001]e- 15 ’ oow A, i(0 H 

[b] i = —31.66 mA. v = 20.505 V, 

p = vi = —649.23 mW 

[c] w = Q) Cv 2 = 126.13 pi 

AP 6.3 [a] v — J idx + v(0~) 


3 cos 50,000a: dx = 100 sin 50,0001 V 


0.6 x 10~ 6 J o- 

[b] p(t) = vi = [300 cos 50,0001] sin 50,0001 

= 150 sin 100,0001 W, p (max) = 150 W 

[c] w {max) = Q Cv 2 max = 0.30(100) 2 = 3000 pi = 3mJ 


AP 6.4 [a] L e „ — 


60(240) 

300 


= 48 mH 


[b] 1(0+) = 3 + -5 = -2 A 
125 C 


Izo 

[c] i = - / (—0.03e -5a: ) dx — 2 = 0.125e _5t — 2.125 A 

6 lo+ 

50 r l 

[d] ii — — / (—0.03e _5;E ) dx + 3 = O.le" 5 ' + 2.9 A 

3 J o+ 


25 C 

i 2 = — / (—0.03e -5a: ) dx- 5 = 0.025e" 5t - 5.025 A 
6 J o+ 

ii+i 2 = i 


AP 6.5 V! = 0.5 x 10 b / 240 x 10~ b e" iUx dx - 10 = -12e" iUt + 2 V 

J o+ 


V 2 


= 0.125 x 10 6 /* 240 x 10 ~ 6 e~ 10x dx - 5 = -3e~ lw - 2 V 

J o+ 


ni(oo) = 2 V, ^ 2 ( 00 ) = —2V 


W = 


|(2)(4) + i(8)(4) 


x 10~ 6 = 20 fiJ 


) = 0.72 A 



Problems 6-3 


AP 6.6 [a] Summing the voltages around mesh 1 yields 

+ 20 (ii — * 2 ) + 5(*i + ig) = 0 


d*i , n d(i 2 + i,) 


A dt + 
or 


dt 


di 1 <7* 2 / <7*„\ 

4 i + 25 “ + 8 i - 20!2 = -( 5! » +8 ij 

Summing the voltages around mesh 2 yields 

l 6 ' /i;/2 ^ /v) + 8^ + 20(* 2 - ii) + 780*2 = 0 

or 

di 1 dio di n 

8—- 1 - 20*i + 16—^ + 800A = —16—^ 

dt dt dt 

[b] From the solutions given in part (b) 

*i(0) = -0.4 - 11.6 + 12 = 0; * 2 (0) = -0.01 - 0.99 + 1 = 0 

These values agree with zero initial energy in the circuit. At infinity, 
* 1 ( 00 ) = —0.4A; * 2 ( 00 ) = —0.01A 

When t = 00 the circuit reduces to 



7.8 

780 


= —0.01A 


From the solutions for i\ and * 2 we have 

^ = 46.40e- 4t - 60e _5t 
dt 

^ = 3.96e- 4t - 5e- st 
dt 

Also, ^ = 7.84e -4 * 
dt 

Thus 

4^1 = 185.60e -4 * - 240e" 5t 
dt 
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25*i = -10 - 290e -4 * + 300e" 5t 

8^ = 31.68e _4t - 40e _M 
dt 

20 * 2 = -0.20 - 19.80e -4 * + 20e" 5t 
5 i g = 9.8 - 9.8e -4 * 

A = 62 .72e- 4t 
dt 

Test: 

185.60e" 4t - 240e -5 * - 10 - 290e" 4 * + 300e" 5t + 31.68e" 4 * - 40e" M 
+0.20 + 19.80e _4i - 20e" 5t = -[9.8 - 9.8e" 4t + 62.72e“ 4t ] 

-9.8 + (300 - 240 - 40 - 20)e" 5t 

+ (185.60 - 290 + 31.68 + 19.80)e" 4t = -(9.8 + 52.92e" 4t ) 

-9.8 + 0e -5t + (237.08 - 290)e" 4t = -9.8 - 52.92e" 4t 
-9.8 - 52.92e _4f = -9.8 - 52.92e" 4t (OK) 

Also, 

8^ = 371.20e _4t — 480e _5< 
dt 

20*i = -8 - 232e~ u + 240e" 5t 

16— = 63.36e“ 4t - 80e.- M 
dt 

800( 2 = -8 - 792e -4 * + 800e" 5t 

16— = 125.44e _4i 
dt 

Test: 

371.20e" 4t - 480e _5t + 8 + 232e" 4 * - 240e" 5t + 63.36e" 4t - 80e" 5t 
-8 - 792e~ 4t + 800e -5 * = -125.44e" 4 * 

(8 - 8) + (800 - 480 - 240 - 80)e" 5t 

+ (371.20 + 232 + 63.36 - 792)e" 4t = -125.44e" 4 * 

(800 - 800)e -5 * + (666.56 - 792)e" 4 * = -125.44e” 4t 
-125.44e~ 4 * = — 125.44e _/W (OK) 



Problems 6-5 


Problems 


P 6.1 [a] i = 0 

i = 50t A 
i = 0.5 — 50t A 
i = 0 
di 

[b] v — L— =20 x 10 _3 (50) = 1V 0 < t < 5 ms 
at 

v = 20 x 10 _3 (—50) = -1V 5 < t < 10ms 


t < 0 

0 < t < 5 ms 
5 < t < 10 ms 
10 ms < t 


v = 

V = 

V = 

V = 

p = vi 

P = 
P = 
P = 
P = 
w = 

w = 

w = 


t < 0 

0 < t < 5 ms 
5 < t < 10 ms 
10 ms < t 


0 

IV 
-IV 
0 

0 

(50t)(l) = 50tW 
(0.5 — 50£)(—1) = 50t — 0.5 W 
0 
0 


/x 

2 


= 25 1 2 J 


^ (50a;) dx = 50 

f* (50a; - 0.5) dx + 0.625 x 10 
ao .005 


= 25a; 2 - 0.5a; 


+0.625 x 10 


-3 


0.005 


t < 0 

0 < t < 5 ms 
5 < t < 10 ms 
10 ms < t 
t < 0 

0 < t < 5 ms 


= 25+-0.5t + 2.5 x 10" d J 


5 < t < 10 ms 


w 


0 


P 6.2 [a] 0 < t < 2 ms : 

1 rt 


I f 

i — — v s dx + i(0) 
L Jo 


10 ms < t 


5 x 10' 3 dx + 0 


200 x 10~ 6 Jo 
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= 25x 


25t A 


2 ms < t < oo : 

1 c 

% = 


200 x 10- 6 7 2 xio-3 


(0) dx + 25(2 x 10 


— 3 \ 


[b] 



P 6.3 Note - the initial current should be 1 A. 


0 < t < 2 s 


= 


2.5 x 10- 4 Jo 


f 3 x 10~ 3 e _4x dx + 0 = 1.2 — 
Jo — 


—Ax 

1 


= 0.3 -0.3e" 4t A, 0 < t < 2 s 


i L (2) = 0.3A 


2 s < t < oo 


h = - 1-2 


,-4(x-2) 


+ 0.3 


= 0.3e.- 4(t - 2) A, 2 s < t < 


oo 


50 mA 


t. 

+ 0 
o 




Problems 6-7 


P 6.4 



u (t) 



^ = 18[t(-10e" lot ) + e _10t ] = 18e _10t (l - 10 1) 

v = (50 x 10 _6 )(18)e _10i (l - lOt) 

= 0.9e" lot (l - lOt) mV, t>0 

[b] p = vi 

v(200ms) = 0.9e _2 (l - 2) = -121.8 pN 

i(200 ms) = 18(0.2)e -2 = 487.2 mA 

p(200ms) = (-121.8 x 10~ 6 )(487.2 x 10" 3 ) = -59.34/7W 

[c] delivering 

[d] w = * Li 2 = ^(50 x 10 -6 )(487.2 x 10" 3 ) 2 = 5.93/J 

[e] The energy is a maximum where the current is a maximum: 

^ = 18[t(—10)e- lot + e" 104 ) = 18e- 10t (l - lOt) 

= 0 when t = 0.1 s 
dt 
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?max = 18(0.l)e 1 = 662.2 mA 

u<max = ^(50 x 10" 6 )(662.2 x 10" 3 ) 2 = 10.96 pi 

P 6.5 [a] 0 < t < Is : 

v = —lOOt 

1 C x^ ^ 

i — - I —100a: dx + 0 = —20 — 

5 Jo 2 o 

i = -10t 2 A 

1 s < t < 3 s : 

v = -200 + lOOt 

i(l) = —10 A 

.-. i = - f (100a: - 200) dx - 10 

5 J i 

= 20 J x dx — 40 J dx — 10 

= 10(t 2 - 1) -40(t- 1) - 10 

= 10t 2 - 40t + 20 A 
3s < t < 5s : 

v = 100 

i(3) = 10(9) - 120 + 20 = -10 A 
1 C 

i = - 100 dx — 10 

5 J 3 

= 20t — 60 — 10 = 20t — 70 A 
5s < t < 6s : 

v = —lOOt + 600 

i(5) = 100 - 70 = 30 

1 C 

i = l (—100a: + 600) dx + 30 
5 J 5 

= —20 [ xdx + 120 [ dx + 30 

J 5 J 5 

= —10(t 2 - 25) + 120(t - 5) + 30 
= —10t 2 + 120t — 320 A 



Problems 6-9 


[b] i( 6) = -10(36) + 120(6) - 320 = 720 - 680 = 40 A, 6 < t < oo 

[c] 



P 6.6 [a] v L = L j t = [125 sin400f]e _200i V 

<k ^- = 25,000(2 cos400f - sin400f)e- 2 ° ot V/s 

LLL 

—- = 0 when tan 400/: = 2 
dt 

t = 2.77 ms 


P 6.7 


[b] 


[a] 


Also 400t = 1.107 + 7r etc. 

Because of the decaying exponential vj y will be maximum the first time the 
derivative is zero. 

v L (max) = [125 sin 1.107] e —0554 = 64.27 V 
t^max = 64.27 V 

Note: When t = (1.107 + vr)/400; v L = -13.36 V 
1 P 

i - -- / 30 sin 500a: dx — 4 

15 x 10~ 3 4 o 

= 2000 [ sin 500a: dx — 4 


a o 


= 2000 


— cos 500a: 
500 


-4 


i 


4(1 — cos500t) — 4 
—4 cos 500t A 
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p = vi = (30sin500t)(—4cos500t) 

= — 120sin500tcos500£ 

p = —60sinl000tW 

! r . 2 
w = -Lz 

= ^(15 x 10~ 3 )16 cos 2 500t 

= 120 cos 2 500t mJ 

w = [60 + 60 cos lOOOt] mJ. 



Problems 6-11 



[c] Absorbing power: Delivering power: 

n < t < 2n ms 0 < t < 7r ms 

3vr < t < 4vrms 2n <t < 3n ms 

P 6.8 [a] i(0) = A ± + A 2 = 0.04 

— = -10,OOOAie" 10 ’ ooot - 40,OOOA 2 e" 4 °’ oow 
at 

v = -200Aie" 10 ’ ooot - 800A 2 e _4 °’ ooot V 
u(0) = -200A! - 800A 2 = 28 
Solving, Ai = 0.1 and A 2 = —0.06 
Thus, 

i = 0.1e _10,000i - 0.06e" 4 °’ ooot A, t > 0 

v = —20e _10,000i + 48e _40 ’ 000t V, t > 0 

[b] If p = 0 then either i = 0 or v = o. Suppose i = 0: 

i = 0.1e _10,000i - 0.06e" 4 °’ ooot = 0 

■ 0 .le 30 ’ 000t = 0.06 so t = -17.03 /xs 

This answer is impossible! So assume that v = 0: 
v = —20e _10,000i + 48e" 40 ’ 000t = 0 
Then, - 20e 3 °’ ooot = -48 .'. t = 29.18 /xs 


This answer makes sense; therefore, the power is 0 at t — 29.18 /is. 
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P6.9 [a] From Problem 6.8 we have 

Ai + A 2 = 0.04 

Now, we add the second equation for the coefficients: 

-200Ai - 800A 2 = -68 

Solving, Ax = —0.06; A 2 = 0.1 
Thus, 

i = —0.06e~ 10 ’ ooot + 0.1e _4 °’ ooot A t > 0 
v = 12e _10 ’ 00W - 80e _4 °’ ooot A t > 0 

[b] i = 0 when 0.06e" 10 ’ oow = O.le" 40 ’ 0004 

.-. e 30 ’ 0000i = 5/3 so t = 17.03/is 
Thus, 

% > 0 for 0 <t< 17.03 /is and i < 0 for 17.03 ps < t < oo 
v = 0 when 12e^ 1(4000t = 80e" 4 °’ oow 
.-. e 30 ’ 0000t = 20/3 so t = 63.24/is 

Thus, 

n<0 for 0<f< 63.24//s and v>0 for 63.24 ps < t < oo 

Therefore, 

p < 0 for 0 < t < 17.03 ps and 63.24 ps < t < oo 

(inductor delivers energy) 

p > 0 for 17.03 ps < t < 63.24 ps (inductor stores energy) 

[c] The energy stored at t = 0 is 

w(0) = ^L[i( 0)] 2 = ^(20 x 10" 3 )(40 x 10" 3 ) 2 = 16 pi 
The power for t > 0 is 

p = vi = 6e _50,000t - Se" 80 ’ 000 * - 0.72e _2 °’ oow 
The energy for t > 0 is 

W= [°°pdt= r 6e -50 ’ 000x dx - r 8e _80,000x dx - f°° 0.72 e - 20 ’° 00x dx 
Jo Jo Jo Jo 

. _6_8 0.72 _ 

50,000 80,000 20,000 ^ 

Thus, the energy stored at t = 0 equals the energy extracted for t > 0. 




Problems 6-13 


P6.10 i — (Bi cos 1.6t + B 2 sin 1.6t)e °' 4< 
i(0) = B l = 5 A 
dz 

— = (B i cos 1.6t + £> 2 sin 1.6t)(—0.4e~°' 4 *) + e~°' 4t (—1.6£>i sin 1.6t + 1.6-B 2 cos 1.6t) 

= [(I. 6 -B 2 — OABi ) cos 1 . 6 t — (I. 6 -B 1 + 0AB 2 ) sin 1.6t]e~°' 4< 
dz 

v = 2— = [( 3 . 2 Z ?2 — O. 8 B 1 ) cos 1.6t — (3.2 Bi + 0.8-B 2 ) sin 1.6t]e _0 ' 4t 

v(0) = 28 = 3.2B-2 - O. 8 B 1 = 3.2B 2 - 4 B 2 = 32/3.2 = 10 A 

Thus, 

i — (5 cos 1.6£ + 10 sin 1.6t)e~ 01 * A, t > 0 

v = (28 cos 1.6 1 - 24 sin 1.6 t)e~ 0At \, t > 0 

i(5) = 1.24A; v(5) = -3.76 V 

p( 5) = (1.24)(—3.76) = -4.67W 

The power delivered is 4.67 W. 

P6.ll For0<t<1.6s: 

1 f t 

%l = - / 3 x 10~ 3 dx + 0 = 0.6 x 10' 3 t 
5 Jo 

i L { 1.6s) = (0.6 x 10" 3 )(1.6) = 0.96mA 
R rn = (20) (1000) = 20kfi 
u m (1.6s) = (0.96 x 10" 3 )(20 x 10 3 ) = 19.2 V 
P 6.12 p = vi = 40t[e _lw - 10te" 20t - e" 20t ] 

r 00 poo 

W = / pdx= 4Qx\e~ Wx — 10xe _20x — e~ 20x ] dx — 0.2 J 
Jo Jo 


This is energy stored in the inductor at t = 00 . 
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P6.13 [a] v(20 ps) = 12.5 x 10 9 (20 x 10 6 ) 2 = 5V (end of first interval) 

v(20ps) = 10 6 (20 x 10~ 6 ) - (12.5)(400) x 10" 3 - 10 
= 5 V (start of second interval) 

n(40 ps) = 10 6 (40 x 10“ 6 ) - (12.5)(1600) x 10" 3 - 10 
= 10 V (end of second interval) 

[b] p(10ps) = 62.5 x 10 12 (10“ 5 ) 3 = 62.5mW, n(10/is) = 1.25 V, 

i(lOyUs) = 50 mA, p(10 ps) = vi = 62.5 mW, 

p(30 ps) = 437.50 mW, n(30 ps) = 8.75 V, i(30 ps) = 0.05 A 

[c] w(10ps) = 15.625 x 10 12 (10 x 10~ 6 ) 4 = 0.15625 pJ 

w = 0 ,5Cv 2 = 0.5(0.2 x 10 _6 )(1.25) 2 = 0.15625^1 
w(30ps) = 7.65625 pJ 

w(30 ps) = 0.5(0.2 x 10 _6 )(8.75) 2 = 7.65625 pi 
P6.14 ic — C(dv/dt) 

0 < t < 0.5 : 
v c = 30f 2 V 

i c = 20 x 10 -6 (60)f = 1.27 nr A 
0.5 < t < 1 : 

Vc = 30(f — l) 2 V 

i c = 20 x 10" 6 (60)(f - 1) = 1.2(7 - 1) mA 





Problems 6-15 


P 6.15 [a] 0 < t < 5/as 

C = 5 /aF ^ = 2x 10 5 

v = 2 x 10 5 f t Adx + 12 
Jo 

v = 8 x 10 5 t + 12 V 0 < t < 5 /as 
u(5/as) = 4 + 12 = 16 V 
[b] 5 /as < t < 20 /as 

v = 2 x 10 5 [* -2 da;+ 16 = -4x 10 5 t + 2 + 16 

J5xl0~ 6 

v = -4 x 10 5 t + 18V 5 < t < 20/is 

v(20/as) = -4 x 10 5 (20 x 10~ 6 ) + 18 = 10 V 
[C] 20 yUS < t < 25 yUS 

v = 2 x 10 5 T 6 da; + 10 = 12 x 10 5 t -24 + 10 

J20X10- 6 

u = 12 x 10 5 t-14V, 20/as < t < 25/as 

aa(25/as) = 12 x 10 5 (25 x 10" 6 ) - 14 = 16 V 

[d] 25 /as < t < 35 /as 

v = 2 x 10 5 T 4da; + 16 = 8 x 10 5 t -20 + 16 

a25xl0- 6 

v = 8 x 10+ — 4 V, 25 /as < i < 35 /as 
v(35 /as) = 8 x 10 5 (35 x 10" 6 ) - 4 = 24 V 

[e] 35 /as < t < oo 

v = 2 x 10 5 0 dx + 24 = 24 

a35x!0- 6 


v = 24 V, 35/as < t < oo 
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P6.16 


P 6.17 


v = -10 V, £ < 0; C = 0.8 pF 


v = 40 — e 


-lOOOt 


(50 cos 500£ + 20 sin 500£) V, t > 0 


[a] i — 0 , t < 0 

dv 

[b] — = 1000e _looot (50 cos 500t + 20 sin 500£) 


—e — u -(—25,000 sin 500£ + 10,000 cos 500£) 


3 -iooo t 
_ e -ioooi 

+25,000 sin 500£ - 10,000 cos 500£) 

= (40,000 cos 500f + 45,000 sin 500£)e 
. d/u 


= e ~ *(50,000 cos 500t + 20,000 sin 500£ 


-10001 


i = C = (32 cos 500£ + 36 sin 500£)e 1000t mA 
dt 

[c] no 

[d] yes, from 0 to 32 mA 

[e] v(oo) = 40 V 

w = ^Cv 2 = ^(0.8 x 10" 6 )(40) 2 = 640 pi 


[a] i = 


400 x 10 


-3 


-t — 8 x 10 4 f 0 < t < 5 +s 


5 x lO " 6 

i = 400 x 10 ~ 3 5 < t < 20 +s 

5x10“® /-15xl0 _ ® 


/ Dxiu r loxiu 

8 x 10 4 t dt + / 400 x 10 “ 3 dt 

0 J 5x10-® 


= 8 x 10 4 


t 2 


+400 x 10~ 3 (10 x 10~ 6 ) 


8 x 10 4 (|)(25 x 10“ 12 ) + 4 x 10 


-6 


[b] V = 


5/iC 

1 


0.25 x 10 " 6 
1 

' 0.25 x 10 ~ 6 
1 


/■5/iS r20 fiS r 30/tS 

/ 8x10 A xdx+ / 0Axdx + / (10 4 x — 0.5 )dx 

Jo J 5 uS J 20 n S 


4 x 10 4 f 2 


5 fiS 


(•20 /J.S 
1 5 /-(S 
120 //S 


+0.4t 


5 /-(S 


+ (5000t 2 - 0.5t) 


30/uS 


20 /j.S 


0.25 x 10 ~ 6 


— [1 x 10 ~ 6 + 6 x 10 " 6 - 10.5 x 10 " 6 + 8 x 10" 6 ] = 18V 
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P 6.18 


P 6.19 


[c] u(50 /is) 


18 + 


1 

0.25 x IQ' 6 


(50007 2 


0.5 1) 


50 fiS 
30 /iS 


= 18 + 


--(—12.5 x 10 -6 + 10.5 x 10~ 6 ) 

0.25 x 10- 6 V ; 


10V 


w = 1Cv 2 = ^(0.25 x 10' 6 )(10) 2 = 12.5/J 

1 /-500X10- 6 

[a] v = -- / 50 x 10 _3 e _200W dt - 20 

' ' 0.5 x 10 -6 7 o 

-2000t 500xl0“ 6 

= 100 x 10 3 - -20 

-2000 o 


w 

[ I) I v(oo) = 
w( oo) 


50(1-e" 1 )-20 = 11.61V 
1 Cv 2 = 1(0.5)(10 _6 )(11.61) 2 = 
50 - 20 = 30V 

= ^(0.5 x 10 _6 )(30) 2 = 225 /rl 


33.7 /iJ 


[a] w(0) = ^C[u(0)] 2 = ^(0.25) x HT 6 (50) 2 = 312.5/zJ 

[b] v = (Ait + A 2 )e~ 40m 

u(0) = A 2 = 50 V 

^ = -4000e- 40OM (^ 1 t + ^ 2 ) + e- 4O0Ot (^ 1 ) 

= (-400071^ - 4000712 + 7Li)e- 4000t 

nv 

— (0) = Ai -4000T1 2 


i = C 


dt ’ 


= 


dt 


dv( 0) _ i(0) _ 400 x 
dt ~ ~C ~ 0.25 x 

7. 16 x 10 5 = Ai - 4000(! 
Thus, Tlx = 16 x 10 5 + 2 x 


= 16 x 10 5 


18 x 10 5 - 
s 
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P 6.20 


P 6.21 


P 6.22 


[c] v = (18 x 10 5 t + 50)e 


—4000i 


i = C ^ = 0.25 x 10~ 6 ^-(18 x 10 5 t + 50)e- 400W 
dt dC ’ 

i = [(0.454 + 12.5 x 10- 6 )e-“] 


= (0.45t + 12.5 x 10 -6 )(—4000)e _4t)OW + e - 4000t (0.45) 
= (-18004 - 0.05 + 0.45)e~ 4000t 
= (0.40 — 1800t)e _4000i A, t> 0 


51| (12 + 8) = 

4H 

4| 4 = 2H 


151| (8 + 2) = 

6H 

31| 6 = 2H 


6 + 2 = 8H 


301| 20 = 12 H 


801| (8 + 12) = 

= 16 H 

60||(14 + 16) 

= 20 H 

15||(20 + 10) 

= 20 H 

lab = 5 + 10 

= 15 H 


[a] 


2 H 


4 \ 


6A 


+ 

v 


1 c 

i(t) = 12e x dx + 6 

2 J o 


6e~ 


+6 


i{t) = 


6e t — 6 + 6 
6e _t A, t > 0 
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P 6.23 


[b] ii(t) = — - f 12e x dx + 2 

3 J o 


4e 


+2 


h(t) 
[c] i 2 (t) 


4(e“* - 1) + 2 
4e _ * — 2 A, t>0 
1 r l 

— / 12e 1 da; + 4 
61 o 


= 2e“ 


+4 


= 2(6"* - 1) + 4 
i 2 (t) = 2e _t + 2A, t>0 

[d] p — vi — (12e- t )(6e _i ) = 72e _2 *W 

/ oo /»oo 

pdt — / 72 e~ 2t dt 
o a o 

„—2t 


72- 


-2 


= 36 J 

[e] u>= 1(3)(2) 2 +i(6)(4) 2 = 54 J 

[fl = l(3)(-2) 2 + 1(6)(2) 2 = 18 J 

Strapped = 54 — 36 = 18 J checks 
[g] Yes, they agree. 

[a] i o (0) = ii(0) + * 2 ( 0 ) = 4A 

[b] 


L =ioh! 

eq 


-4t 

160e V 


In = 


— [ 160e~ 4x dx + 4: = -16 
10 a 0 

= 4(e -4 * — 1) + 4 = 4e -4 * A, 


4a; 


-4 
t > 0 


+ 4 
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P 6.24 


[c] 



-4t 

v =160e V 

b 


v a = 8 —(4e -4 *) = —128e _44 V 


v c = v a + Vf, = —128e 44 + 160e 


4t 


32e -44 V 
1 C 




- - [ 32e~ 4x dx + 1 
3 J o 


= 2.67e -44 - 2.67 + 1 
i\ = 2.67e -44 — 1.67 A, t>0 

[d] i 2 = -- [ t 32e~ 4x dx + 3 

6 J o 


= 1.33e -44 - 1.33 + 3 
i 2 = 1.33e -44 + 1.67 A, 


t > 0 


[e] i»(0) = 1 ( 3 )( 1) 2 + |( 6 )( 3) 2 + 1 ( 8 ) (4) 2 = 92.5 J 

[f] m<w= 1(10)(4) 2 = 80J 

[g] ^trapped = 92.5 - 80 = 12.5 J 
v h = 160e -44 V 

i n = 4e _4t A 


p = 640e _8i W 


w — I 640e Sx dx = 640- 
J o 


d —8x 


= 80(1 -e" 8i )W 


Wl.ot.al 80 J 

w(0.2) = 80(1 - e" 1 ' 6 ) = 63.85 J 

Thus, 

63 85 

% delivered = —-(100) = 79. 


80 



Problems 6-21 


P 6-25 \ + \ = ^ Ceq = 2.4 jlF 


i + 



= : 4j.JF 



+ 


12 V : 

: 2. 4jJF 1 ■ z 

f 12V 1 

z 2.4[rF 4/iF =: 

= : 6fJF 


_ 



_ 


1 


1 

4 


+ 


1 

12 


4 

12 


C eq = 3/iF 


5/iF : 

+ 

: TV : 

OO 

-J 

< + 

_1 L 

: B/iF 8/iF : 

: 10V 


— 




— 

+ 

— 


10V y 2 4/iF 

+ 


1 

24 


+ 


1 

8 


4 

24 


Ceq = 6 jUF 


24/JF 


8/UF 


10V 

+ 

+ 

TV 


6/UF T 3V 


+ 


P 6.26 Work from the right hand side of the circuit, simplifying step by step: 

1. 48yuF in series with 16//F : 1/C = 1/16/i + 1/48 fi C = 12/iF 

The voltages add in series, so the 12 /iF capacitor has a voltage of 20 V, 
negative at the top. 

2. Previous 12 /iF in parallel with 3 /iF : C = 12 [i + 3 /i = 15 /iF 
The voltage is 20 V, negative at the top. 

3. Previous 15 /iF in series with 30 /iF : 

1/C = 1/15// + 1/30 n C = 10 yuF 

The voltages add in series, so the 10 /iF capacitor has a voltage of 10 V, 
positive at the right. 
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.27 


4. Previous 10 pF in parallel with 10 /jF : C = 10 p + 10 p = 20 pF 
The voltage is 10 V, negative at the top. 

5. Previous 20 pF in series with 5 pF and 4 pF : 

1/C — 1/20p +1/bp El/Ap .'. C = 2pF 
The voltages in series add: 5V — 1014 + 30V = 25V positive at the top. 

The equivalent capacitance is 2 pF with a voltage of 25 V, positive at the top. 

[a] 


+ 

10V 


—>20e p.A 


+ 

== 2 pF v D 





Vo = 


2 x 10~ 6 7 o 


f 20 x 10- 6 e-* dx + 10 
J o 


10e~ x +10 

o 


[b] + = 


10e _t V, t>0 

--— f (20 x 10~ 6 )e~ x 

3 x 10 -6 v ’ 


+4 


[c] v 2 


6.67e _t — 2.67 V, 
1 


6 x 10- 6 


t > 0 


(20 x lO" 6 ^-* 


+6 


[d] p 


w 


3.33e _t + 2.67 V, t>0 


m = (10e _t )(20 x lO" 6 ^ 
200 x 10 _6 e _2t 

poo 


200 x 10” 6 e _2t 


dt 


-2t 

200 x 10" 6 - 

-2 


oo 

0 


= -100 x 10~ 6 (0 - 1) = 100 pJ 

[e] w = |(3 x 10~ 6 )(4) 2 + |(6 x 10“ 9 )(6) 2 

= 132 pi 

[f] ^trapped = \ (3 x 10" 6 ) (8/3) 2 + \ (6 x 10~ 6 ) (8/3) 2 
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P 6.28 


CHECK: 100 + 32 = 132 /jJ 
[g] Yes, they agree. 

C x = 10 + 2 = 12 fjF 


1 _ 1 1 
C~ 2 ~ 12 ~n + 8 ~n 


C 2 = 4.8 j/F 


u o (0) + «i(0) = -5 + 25 = 20 V 


[a] 


“> io 


+ 

— 4.8 fiF v 2 

Black 

Box 




v 2 = 


4.8 x lO" 6 J o 


A.92 x 10 _3 e _20x dx + 20 
J o 


-400- 


20a; 


-20 


+20 


[b] v 0 = 


= 20(e _2W - 1) + 20 

= 20e _20t V, t > 0 
1 r* 


8 x 10~ 6 7 o 


1.92 x 10- 3 e~ 2Ox dx - 5 


d —20x 


-240- 


-20 


-5 


[c] Vi 


12( e -2°t _ 1) _ 5 

12e -20 * — 17 V, t> 0 
1 


12 x 10- 6 7 o 


/ 1.92 x 10 -3 e -2te dx + 25 
J o 


-160- 


20x 


-20 


+25 


= 8(e -2W - 1) + 25 
= 8e _20t + 17 V, t>0 
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P6.29 


P 6.30 


[d] i\ = -10 x 10~ 6 -^ [8e~ m + 17] 

= -10 x 10 _6 (—20)8e _2W 

= 1.6e _20t mA, t> 0 

[e] i 2 = -2 x 10“ 6 ^ [8e" 2W + 17] 

= -2 x 10 _6 (—20)8e _20t 

= 0.32e _20t mA, t > 0 

CHECK: h + i 2 = 1.92 e - 2M mA = i Q 

[a] w( 0) = [|(8 x 10" 6 )(-5) 2 + |(10 x 10- 6 )(25) 2 + ^(2 x 10- 6 )(25) 2 

= 3850 /iJ 

[b] vjoo) = -17V 

Vi(oo) = 17V 

w(oo) = [|(8 x 10” 6 )(—17) 2 + |(12 x 10~ 6 )(17) 2 ] 

= 2890 /iJ 

POO 

[c] w = / (20e _20t )(1.92 x 10" 3 e" 20i ) dt = 960 pi 

Jo 

CHECK: 3850 - 2890 = 960 /iJ 
960 


[d] % delivered = 


[e] w(40ms) = 


3850 

/• 0.04 


x 100 = 24.9% 


o 


(20e _20i )(1.92 x 10 _3 e _20t ) dt 


= 0.0384- 


.,— 40 1 


-40 


0.04 


= 960 x 10~ 6 (1 - e -1,6 ) = 766.2 pj 
766.2 


% delivered = (100) = 79 

960 v ; 

From Figure 6.17(a) we have 

1 A l rt 

v = -— i + v i(0) + — / i dx + u 2 (0) + 

Ci Jo C 2 Jo 


v = 


1 1 
C~i + C~ 2 + 


[ idx + 'Ui(O) + v 2 (0) + 
Jo 



Problems 6-25 


P 6.31 


P 6.32 


P 6.33 


P 6.34 


Therefore 


c. 


eq 


1 1 
a + a + 


V eq (0) = t>l(0) + t> 2 (0) + 


From Fig. 6.18(a) 


dv 

dt 


„ dv dv 

2 — Ci“77+C 2 — + ••• — [Ci + C 2 + 

df df 

Therefore C eq — C\ + C 2 + • • •. Because the capacitors are in parallel, the initial 
voltage on every capacitor must be the same. This initial voltage would appear on 


Ceq. 

di Q 

dt 

^(0+) 

dt K 

v 2 (0+) 

«i(0 + ) 


= 5{e _2000t [-8000 sin 4000f + 4000 cos 4000f] 

—2000e _2 ° oot [2 cos 4000f + sin 4000f]} 

= 5[1(4000) + (—2000)(2)] = 0 

= 10 x 10- 3 ^(0+) = 0 
dt K ' 

= 40i o (0+) + v 2 (0+) = 40(10) + 0 = 400V 

^1.5 e- Wfi00x dx - J*O.5e~ 4000x dx^j 
~ 4000t - 1) - 50 


0.625 x 10 


1-6 


50 


= 150(e~ 16,ooot - 1) - 200(e 

= 150e _16,ooot - 200e _4000i V 

v L = 25 x lO" 3 ^ 
dt 

= 25 x 10 _3 (—24,OOOe _16,oow + 2000e- 4 ° ow ) 
= —600e _16 ’ oow + 50e _4000t V 


= v c - v L 

s —16,000t 


[a] -2 


= (150e _16,ooot - 200e _4000i ) - (-600e- 16 ’ ooot + 50e 
= 750e _16 ’ ooot - 250e _400W V, f > 0 

dig 

dt 


-4000 f\ 


dio 

+ 16—^ + 32i 2 = 0 

nf 


dt 


di 2 di a 

16—f + 32i 2 = 2-f 
dt dt 

[b] i 2 = e-* -e~ 2t A 

^ = -e- t + 2e- 2t A/s 
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i g = 8 — 8e 4 A 

di a . . 

dt ' 

—16e -4 + 32e" 24 + 32e" 4 - 32e" 24 = 16e" 4 


[c] V\ 


a dig 0 di 2 
4 —^ - 2 — 
at at 


= 4(8e _t ) - 2(—e -4 + 2e" 24 ) 

= 34e -4 - 4e -24 V, t > 0 
[d] Vl (0) = 34 - 4 = 30 V; Also 
*<°> = 

= 4(8) - 2(—1 + 2) = 32 - 2 = 30 V 
Yes, the initial value of v\ is consistent with known circuit behavior. 

P 6.35 [a] Yes, v CJ = 20(i 2 — *i) + 60i 2 

[b] v 0 = 20(1 — 52e -54 + 51e -44 — 4 — 64e -54 + 68e _44 ) + 

60(1 - 52e -54 + 51e -44 ) 

= 20(—3 - 116e -54 + 119e -44 ) + 60 - 3120e" 54 + 3060e.- 44 
v 0 = —5440e -54 + 5440e -44 V 

r , r d , di i 

[c] v c = L 2 -( tg - t2 ) + M- 

= 16-/(15 + 36e- 51 -51e- 4 ') +8-/(4+ 64e-“ -68e- 4 ‘) 
dt dt 

= —2880e -54 + 3264e -44 - 2560e" 54 + 2176e-- 44 
v Q = —5440e -54 + 5440e -44 V 


P 6.36 [a] v g - 5(i g - i\) + 20(i 2 - ii) + 60t 2 

= 5(16 — 16e -54 — 4 — 64e -54 + 68e _44 ) + 

20(1 - 52e -54 + 51e -44 - 4 - 64e" 54 + 68e" 44 ) + 
60(1 - 52e -54 + 51e -44 ) 

= 60 + 5780e -44 - 5840e-- 54 V 
[b] Vff (0) = 60 + 5780 - 5840 = 0 V 
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[c] Pdev = Vgig 

= 960 + 92,480e -4 * - 94,400e" 5t - 92,480e" 9t + 
93,440e” 10< W 

[d] Pdev(oo) = 960 W 

[e] ii(oo) = 4A; * 2 (oo) = 1 A; i g (oo) = 16A; 

Pm = (16 — 4) 2 (5) = 720 W 

P 20 Q = 3^(20) = 180 W 

Peon = l 2 (60) = 60 W 

]Tp a bs = 720 + 180 + 60 = 960 W 

Pdev = Pabs = 960 W 


P 6.37 [a] Rearrange by organizing the equations by dii/dt, ii, di 2 /dt, i 2 and transfer the 

i g terms to the right hand side of the equations. We get 

dii di 2 di n 

4—^ + 25*! - 8-f - 20*2 = 5 i g - 8—f 
dt dt dt 

di\ di 2 di a 

dt dt dt 


[b] From the given solutions we have 

— = -320e" M + 272e" 4 * 
dt 


^ = 260e _5t - 204e _4t 
dt 

Thus, 

4— = — 1280e _M + 1088e" 4f 
dt 

25*i = 100 + 1600e _5t - 1700e" 4t 

8^*2 _ 2080e _M - 1632e _4)t 
dt 

20*2 = 20 - 1040e" M + 1020e~ 4 * 


5 i g = 80 - 80e -M 

8 ^ = 640e -« 
dt 
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P 6.38 


P 6.39 


Thus, 

-1280e -5 * + 1088e~ 4t + 100 + 1600e" 5t - 1700e" 4t - 2080e 
+1632e" 4t - 20 + 1040e" M - 1020e" 4 * = 80 - 80e" 5t - 


80 + (1088 - 1700 + 1632 - 1020)e" 4t 

+ (1600 - 1280 - 2080 + 1040)e" M = 80 - 720e“ 5t 
80 + (2720 - 2720)e~ 4t + (2640 - 3360)e" M = 80 - 720e" M 

8 — = —2560e _M + 2176e" 4 * 
dt 

20*i = 80 + 1280e" M - 1360e" 4 * 


16— = 4160e -5 * - 3264e _4t 
dt 

80* 2 = 80 - 4160e _5t + 4080e" 4 * 


[a] L 2 = 

Ni 

N 2 


dir, r.t 

16- 1 = 1280e“ 5t 
dt 

2560e" 5t - 2176e" 4t - 80 - 1280e" 5 * + 1360e" 4 * + 4160e" 5t 
+80 - 4160e -5 * + 4080e~ 4i = 1280e -5 * 

(-80 + 80) + (2560 - 1280 + 4160 - 4160)e -5 * 

+ (1360 - 2176 - 3264 + 4080)e" 4i = 1280e" 5t 
0 + 1280e _5t + 0e _4t = 1280e" 5t (OK) 
f M 2 \ (0.09) 2 


k 2 L x 



(0.75) 2 (0.288) 

/288 

/-=2.4 

1 50 


= 50 mH 


[b] V 1 = 


U 

Nf 


V 2 = 


L-2 

nI 


0.288 

(1200) 2 

0.05 

(500)2 


0.2 x 10“ 6 Wb/A 
0.2 x 10 -6 Wb/A 


Vx 


Lx 

Nl 


2 nWb/A; 


V 2 


L2 

Nl 


2 nWb/A; 


M = k^L x 


V\ 2 — V 2 x 


M 

NxN 2 


1.2 nWb/A 


- 5 t 

640e -5 * 


(OK) 


- 3264e -4 * 


L 2 = 180/xH 


Vxx = Vx~ V 2i = 0.8 nWb/A 
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P 6.40 


P 6.41 


P 6.42 


[a] k 


M 

V L\L‘2 


7.2 

V^f 


0.8 


[b] M = V81 = 9mH 
# = N*Vi = f Ni\ 
LCJ l 2 n%v 2 \n 2 ) 



27 

3 


= 9 


Ni 

N 2 


= 3 


a] M = k\JL\L 2 = 0.8^324 = 14.4mH 
L x 36 x 10" 3 

= wr “W = 900nWb/A 

#11 p 2i = 1QVn 


- 11 = 0 . 1 ; 
#21 


#21 

P1 = P\l + P 2 1 = IIP 


11 


1 


V u = n P\ = 81.82 nWb/A 

V 21 = lOPn = 818.18 nWb/A 

M 14.4 x 10" 3 


N 2 = 

V-2 = 


N{P 2l (200)(818.18 x 10- 9 ) 
L 2 9 x 10" 3 


1 turns 


l 2 yxiu ” 

4 = 188)^ = 116219 nWb/A 

’ii = 81.82 nWb/A [see part (a)] 

^22 _ P22 
^12 P\2 

P 12 = P 2 1 = 818.18 nWb/A 

P 22 = P 2 ~ P \2 = 1162.19 x 10~ 9 - 818.18 x 10” 9 = 344.01 nWb/A 

(b 22 344.01 

— = - = n 4903 


[a] Dot terminal 1; the flux is up in coil 1-2, and down in coil 3-4. Assign the 

current into terminal 4; the flux is down in coil 3-4. Therefore, dot terminal 4. 
Hence, 1 and 4 or 2 and 3. 

[b] Dot terminal 2; the flux is up in coil 1-2, and right-to-left in coil 3-4. Assign the 

current into terminal 4; the flux is right-to-left in coil 3-4. Therefore, dot 
terminal 4. Hence, 2 and 4 or 1 and 3. 
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[c] Dot terminal 2; the flux is up in coil 1-2, and right-to-left in coil 3-4. Assign the 

current into terminal 4; the flux is right-to-left in coil 3-4. Therefore, dot 
terminal 4. Hence, 2 and 4 or 1 and 3. 

[d] Dot terminal 1; the flux is down in coil 1-2, and down in coil 3-4. Assign the 

current into terminal 4; the flux is down in coil 3-4. Therefore, dot terminal 4. 
Hence, 1 and 4 or 2 and 3. 




7^22 \ 

vTJ 


0 i — 0 n + 02 i — VnNiii + V21 N\i\ — Niii(Vu + V21) 

and similarly 

02 = N 2 i 2 [V 22 + Vn) 

It follows that 


( V 11 + ^21) 
and 


01 

Nih 


(V 2 2 + V 12 )- (jA 

Therefore 

jP _ (012/^2*2)(02l/-^l*l) _ 012021 

(0l/A^lil) (02/^2) 0102 

or 

k = 

[b] The fractions (02i/0i) and {(pi 2 /(j) 2 ) are by definition less than 1.0, therefore 
k < 1 . 

di di di di , di 

P 6.44 [a] Hab — L 1 - 7 - L 2 —- M — M — = (Li + L 2 + 2 M ) — 

dt dt dt dt dt 

It follows that L ab = (Li + L 2 + 2M) 

„ , r di „ r di r di , r di * „, di 

[b] fab — — — M— + L 2 — — M — = (Li + L 2 — 2M) — 

dt dt dt dt dt 

Therefore L ab = (L\ + L> — 2M) 




Problems 6-31 


P 6.45 When the switch is opened the induced voltage is negative at the dotted terminal. 

Since the voltmeter kicks upscale, the induced voltage across the voltmeter must be 
positive at its positive terminal. Therefore, the voltage is negative at the negative 
terminal of the voltmeter. 


Thus, the lower terminal of the unmarked coil has the same instantaneous polarity as 
the dotted terminal. Therefore, place a dot on the lower terminal of the unmarked 
coil. 


P 6.46 


r n t ~ * 2 ) . ,,d*2 

M ^ab — Li — h M —— 

at at 

n_ t d (*2-*i) A/r di 2 , n/r d(i 1 -i 2 ) di 2 

M ~a +M it +L2 h 

Collecting coefficients of [dii/dt] and [di 2 /dt], the two mesh-current equations 
become 

di 1 di 2 

v ‘ b = Li ^t +(M - Ll) ii 


and 

0 = (M - + (Li + L 2 - 2M)^ 

dt dt 

Solving for [rii 1 /(if] gives 

dii Ti T L 2 — 2M 
~dt = LiL 2 — M 2 Vab 

from which we have 


/ L x L 2 -M 2 \ /diA 
+ L 2 — 2 M) \dt ) 


L x L 2 -M 2 

‘ ‘ ab “ + L 2 - 2M 

[b] If the magnetic polarity of coil 2 is reversed, the sign of M reverses, therefore 

L t L 2 — M 2 
ab “ L x + L 2 + 2M 

P 6.47 [a] kk = (0.5 )L 1 if + (0.5)L 2 i2 + Mi\i 2 


M = 0.85 v / (18)(32) = 20.4 mH 
W = [9(36) + 16(81) + 20.4(54)] = 2721.6 mJ 

[b] W = [324 + 1296 + 1101.6] = 2721.6 mJ 

[c] W = [324 + 1296 - 1101.6] = 518.4 mJ 

[d] W = [324 + 1296 - 1101.6] = 518.4mJ 
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P 6.48 


P 6.49 


[a] M = l.Oy(18)(32) = 24 mH, h = 6A 

Therefore 16*2 + 144i 2 + 324 = 0, i\ + 9 i 2 + 20.25 = 0 


Therefore i 2 = - -)±-\ (-) - 20.25 = -4.5 ± Vo 


Therefore i 2 = —4.5 A 

[b] No, setting W equal to a negative value will make the quantity under the square 
root sign negative. 

When the button is not pressed we have 


dv 
J dt 


C 1 

i> 

C 2 

-• 

+ 

: Fixed vjt)-v(t) 

-• 

+ 

v (t) 

■ Button 

d 

jC’- v) 



or 


(Ci + C 2 ) 


dv 

dt 


C'i 


dv s 

dt 


dv C i dv s 

dt (Ci + C 2 ) dt 


Assuming C\ = C 2 = C 

dv dv s 

—— = 0.5—— 
dt dt 

or 

v = 0.5v<j(t) + n(0) 


When the button is pressed we have 



Problems 


6-33 



dv dv d(v — v s ) 

1 dt +Ca di + 2 It 


dv C 2 dv s 

dt C\ + C 2 + C 3 dt 


Assuming Ci = C 2 = C 3 = C 

dv 1 dv s 
dt 3 dt 



v s (t) + u(0) 


Therefore interchanging the fixed capacitor and the button has no effect on the 
change in v(t). 

P 6.50 With no finger touching and equal 10 pF capacitors 
v(t) = ^M*)) + 0 = 0.5 v s (t) 

With a finger touching 


Let C e = equivalent capacitance of person touching lamp 

( 10 )( 100 ) 

C e = - - = 9.091 pF 

e 110 F 

Then C + C e = 10 + 9.091 = 19.091 pF 


v{t) 


10 

- V s 

29.091 


0.344u, 


A v(t) = (0.5 - 0.344)Us = 0.156u, 
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.51 


With no finger on the button the circuit is 



Fixed 


Button 


„ dv . . „ d , . 

c ^t (v ~ v ‘ )+C ^Jt [v+v ‘) ={) 


(jV 

when Ci = C 2 = C (2 C)—= 0 

LLL 


With a finger on the button 



Fixed 


C C 

3 ^3 


Button 


^ d(v - v s ) d{v + v s ) dv _ 

Cl ^T~ + C2 ^T~ + C *dt ~ ° 


(C 1 + C 2 + C 3 )^ + C 2 ^- Cl ^=0 

at at at 


dv 

when Ci = C 2 = C' 3 = C' (3C)— = 0 

LLL 


there is no change in the output voltage of this circuit. 



-7 

Response of First-Order RL and RC 

Circuits 


Assessment Problems 


AP 7.1 [a] The circuit for t < 0 is shown below. Note that the inductor behaves like a short 
circuit, effectively eliminating the 2 0 resistor from the circuit. 



First combine the 30 fl and 6 Q resistors in parallel: 

301|6 = 50 

Use voltage division to find the voltage drop across the parallel resistors: 

t ’ = 5T3< 12 °)= 75V 

Now find the current using Ohm’s law: 

v 77 

o o 

[b] iu(0) = ^Li 2 ( 0) = ^(8 x 10 _3 )(12.5) 2 = 625mJ 

[c] To find the time constant, we need to find the equivalent resistance seen by the 

inductor for t > 0. When the switch opens, only the 2 fl resistor remains 
connected to the inductor. Thus, 

L 8 x 10" 3 

r = — = -= 4 ms 

R 2 

[d] i(t) = i(0~)e t,T = —12.5e _ * /0 ' 004 = -12.5e" 250t A, t > 0 

[e] i(5ms) = _i2.5e- 250(a005) = -12.5e" L25 = -3.58 A 


7-1 
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So w(5ms) = |Li 2 (5ms) = |(8) x 10 3 (3.58) 2 = 51.3mJ 
w (dis) = 625 - 51.3 = 573.7 mJ 

( 573 7 \ 

-— ] 100 = 91.8% 

625 / 

AP 7.2 [a] First, use the circuit for t < 0 to find the initial current in the inductor: 



Using current division, 


<( 0 -) = 


10 

10 + 6 


(6.4) = 4 A 


Now use the circuit for t > 0 to find the equivalent resistance seen by the 
inductor, and use this value to find the time constant: 



4Q 


L 0 32 

J R cq = 4||(6 + 10) = 3.2U, .'. r = — = —— = 0.1 s 

^cq O.Z 

Use the initial inductor current and the time constant to find the current in the 
inductor: 

i(t) = i(0~)e~ t ^ T = 4e-*/ ai = 4 e - 10t A, t > 0 

Use current division to find the current in the 10 0 resistor: 

i 0 (t) =-—-(— i) = — (—4e~ 1M ) = —0.8e' 10i A, t > 0 + 

w 4 +10 + 6 v ; 20 v ; 

Finally, use Ohm’s law to find the voltage drop across the 10 Q resistor: 

v 0 (t) = 10% = 10(—0.8e _lot ) = —8e _10t V, t > 0+ 

[b] The initial energy stored in the inductor is 

w( 0) = ^Li 2 ( 0") = ^(0.32)(4) 2 = 2.56 J 

Find the energy dissipated in the 4 O resistor by integrating the power over all 
time: 

(jj 

V 4 n(t) = L j f = 0.32(—10)(4e _lot ) = -12.8e" 1(M V, 


t > 0 
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p 4 Q (t) = ^ = 40.96e- 20i W, t > 0 + 

/•OO 

iU 4 fl(i) = / 40.96e" 2W dt = 2.048 J 

Jo 

Find the percentage of the initial energy in the inductor dissipated in the 4 fl 
resistor: 

( 2 048 \ 

—-) 100 = 80% 

2.56 J 

AP 7.3 [a] The circuit for t < 0 is shown below. Note that the capacitor behaves l ik e an 
open circuit. 



Find the voltage drop across the open circuit by finding the voltage drop across 
the 50 kfl resistor. First use current division to find the current through the 
50 kfl resistor: 


*50k — 


80 x 10 3 


80 x 10 3 + 20 x 10 3 + 50 x 10 3 


(7.5 x 10 


— 3 ^ 


4 mA 


Use Ohm’s law to find the voltage drop: 

v(0~) = (50 x 10 3 )i 50k = (50 x 10 3 )(0.004) = 200 V 


[b] To find the time constant, we need to find the equivalent resistance seen by the 

capacitor for t > 0. When the switch opens, only the 50 kQ resistor remains 
connected to the capacitor. Thus, 

r = RC = (50 x 10 3 )(0.4 x 10" 6 ) = 20ms 

[c] v(t) = v(0~)e~ t/T = 200e~ t/om = 200e" 50t V, t > 0 

[d] w(0) = ^Cv 2 = ^(0.4 x 10 _6 )(200) 2 = 8 mJ 

[e] w(t) = \cv 2 (t) = ^(0.4 x 10" 6 )(200e" 5W ) 2 = 8 e" 100t mJ 

The initial energy is 8 mJ, so when 75% is dissipated, 2 mJ remains: 


8 x 10~ 3 e" loot = 2 x 10" 3 , e 10W = 4, t = (In4)/100 = 13.86 ms 


AP 7.4 [a] This circuit is actually two RC circuits in series, and the requested voltage, v a , 
is the sum of the voltage drops for the two RC circuits. The circuit for t < 0 is 
shown below: 
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+ 


Find the current in the loop and use it to find the initial voltage drops across the 
two RC circuits: 

i= 75^0 = °' 2mA ' ! X<T)=4V, t>,(0-)=8V 

There are two time constants in the circuit, one for each RC subcircuit. t~, is 
the time constant for the 5 /xF - 20 kQ subcircuit, and T\ is the time constant for 
the 1 /xF - 40 kfl subcircuit: 

r 5 = (20 x 10 3 )(5 x 10" 6 ) = 100 ms; r, = (40 x 10 3 )(1 x HU 6 ) = 40 ms 
Therefore, 

v 5 (t) = n 5 (0”)e- t / TS = 4e~ t /°- 1 = 4e~ 10t V, t> 0 
vi(t) = vi(0-)e-^ n = 8e _t /°' 04 = 8e~ 25t \, t > 0 

Finally, 

v D (t) = vi(t) + v 5 (t) = [8e _25t + 4e _10t ] V, t> 0 

[b] Find the value of the voltage at 60 ms for each subcircuit and use the voltage to 
find the energy at 60 ms: 

vi(60ms) = 8e- 25 (°- 06 ) = 1.79 V, n 5 (60ms) = 4 e - 10(a06 ) = 2.20 V 

wi(60ms) = 1^(60 ms) = |(1 x 10" 6 )(1.79) 2 = 1.59 pi 

w 5 (60ms) = |Cu|(60ms) = |(5 x 10- 6 )(2.20) 2 ^ 12.05 pJ 

w(60ms) = 1.59 + 12.05 = 13.64 pj 

Find the initial energy from the initial voltage: 

w( 0) = w 1 (0) + w 2 (0) = 1(1 x 10~ 6 )(8) 2 + |(5 x 10~ 6 )(4) 2 = 72^1 

Now calculate the energy dissipated at 60 ms and compare it to the initial 

energy: 

Wd i SS = w( 0) — w(60ms) = 72 — 13.64 = 58.36 /iJ 
% dissipated = (58.36 x 10“ 6 /72 x 10” 6 )(100) = 81.05% 

AP 7.5 [a] Use the circuit at t < 0, shown below, to calculate the initial current in the 
inductor: 
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i(O-) = 24/2 = 12 A = i(0 + ) 

Note that ?’(0 - ) = i(0 + ) because the current in an inductor is continuous. 

[b] Use the circuit at t = 0 + , shown below, to calculate the voltage drop across the 
inductor at 0 + . Note that this is the same as the voltage drop across the 10 U 
resistor, which has current from two sources — 8 A from the current source 
and 12 A from the initial current through the inductor. 



u(0+) = -10(8 + 12) = -200 V 

[c] To calculate the time constant we need the equivalent resistance seen by the 

inductor for t > 0. Only the 10 0 resistor is connected to the inductor for 
t > 0. Thus, 

r = L/R = (200 x 10" 3 /10) = 20 ms 

[d] To find i(t), we need to find the final value of the current in the inductor. When 

the switch has been in position a for a long time, the circuit reduces to the one 
below: 



Note that the inductor behaves as a short circuit and all of the current from the 
8 A source flows through the short circuit. Thus, 

i f = —8 A 
Now, 

i(t) = if + [i(0+) - i f ]e-^ T = -8 + [12 - (-8)]e- t /°- 02 
= -8 + 20e _50i A, t > 0 

[e] To find v(t), use the relationship between voltage and current for an inductor: 

v(t) = L -= (200 x 10 _3 )(—50)(20e _50t ) = -200e" 5O< V, t > 0 + 




7-6 CHAPTER 7. Response of First-Order RL and RC Circuits 


AP 7.6 [a] 

O.ZSpF 

From Example 7.6, 

v 0 (t) = —60 + 90e _loot V 

Write a KVL equation at the top node and use it to find the relationship 
between v„ and v A : 

va ~ Vo va va + 75 _ 

8000 + 160,000 + 40,000 
20 va — 20r; o + v A + 4 va + 300 = 0 

2hv A = 20 v o — 300 
va = 0 . 8 v o — 12 

Use the above equation for v A in terms of v Q to find the expression for v A - 

v A (t) = 0.8(—60 + 90e _100< ) - 12 = -60 + 72e” 100t V, t> 0 + 

[b] t > 0+, since there is no requirement that the voltage be continuous in a resistor. 

AP 7.7 [a] Use the circuit shown below, for t < 0, to calculate the initial voltage drop 
across the capacitor: 


60kQ 



u c (0“) = (3.2 x 10" 3 )(25 x 10 3 ) = 80 V so n c (0 + ) = 80V 

Now use the next circuit, valid for 0 < t < 10 ms, to calculate v c (t) for that 
interval: 

60kQ 

+ 

IflF T v c 
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For 0 < t < 100 ms: 
r = RC = (25 x 10 3 )(1 x 10" 6 ) = 25ms 

v c (t) = v c (0~)e t / T = 80e _40t V, 0 < t < 10ms 

[b] Calculate the starting capacitor voltage in the interval t > 10 ms, using the 
capacitor voltage from the previous interval: 

u c (0.01) = 80e- 4 °( ao1 ) = 53.63 V 

Now use the next circuit, valid for t > 10 ms, to calculate v c (t) for that interval: 

lOOkQ 

For t > 10 ms : 

R cq = 25 kO || 100 kO = 20 kU 

r = R eq C = (20 x 10 3 )(1 x 10” 6 ) = 0.02s 

Therefore v c (t) = n c (0.01 + )e" (t " aoi)/r = 53.63e" 50(t " a01) V, t > 0.01 s 



[c] To calculate the energy dissipated in the 25 kfl resistor, integrate the power 
absorbed by the resistor over all time. Use the expression p = v 2 /R to 
calculate the power absorbed by the resistor. 


25,000 


[53.63e- 50 (*- 0 - 01 ^ 

25,000 


dt = 2.91 mJ 


[d] Repeat the process in part (c), but recognize that the voltage across this resistor 
is non-zero only for the second interval: 


y°° ^. GSe - 50 ^- 0 - 01 )] 2 
w iookn ~ J om 100,000 ^ 


0.29 mJ 


We can check our answers by calculating the initial energy stored in the 
capacitor. All of this energy must eventually be dissipated by the 25 kfl 
resistor and the 100 kfl resistor. 


Check: w store d = (1/2) (1 x 10" 6 )(80) 2 = 3.2 mJ 


u>diss = 2.91 + 0.29 = 3.2 mJ 


AP 7.8 [a] Note - the 30 resistor should be a 3 resistor; the resistor in parallel with the 
8 A current source should be 9 

Prior to switch a closing at t = 0, there are no sources connected to the 
inductor; thus, i(0“) = 0. 

At the instant A is closed, i(0 + ) = 0. 
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For 0 < t < 1 s, 


-VA-1 

'-VA- 

2Q 

o .Bn 

b 3n; 

> 

b- 

5- 


— 


\ 1 / 

i 


The equivalent resistance seen by the 10 V source is 2 + (3||0.8). The current 
leaving the 10 V source is 

-^-= 3.8 A 

2 + (3||0.8) 

The final current in the inductor, which is equal to the current in the 0.8 fl 
resistor is 

i(oo) = —-—(3.8) = 3A 

The resistance seen by the inductor is calculated to find the time constant: 

0.8 + (21| 3) —20 t= 4 = - = ls 

R 2 

Therefore, 

i = i{ oo) + [i (0 + ) — i{ oo)]e~ f/V = 3 — 3e~* A, 0 < t < 1 s 

For part (b) we need the value of i(t) at t — 1 s: 
i( 1) = 3 — 3e _1 = 1.896 A 


[b] For t > Is 



Use current division to find the final value of the current: 


i 


9 + 6 


:-») 


-4.8 A 


The equivalent resistance seen by the inductor is used to calculate the time 
constant: 

L _ 2 
R ~ 2A 


3||(9 + 6) = 2.5U r 


0.8 s 
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Therefore, 

i = i( oo) + [i(l + ) — i(oo)]e~ ( - t_1 )A 

= —4.8 + 6.696e _1 ' 25(t_1) A, />ls 


AP 7.9 0 < t < 32 ms: 


0 ,2[iF 



r32xl0~ 


Vo = 


RC f Jo 


— 10 dt + 0 = 


RC 


1 |32x 10 

— lOt) 


/ 




(-320 x 10" 3 ) 


RC f = (200 x 10 3 )(0.2 x 10" 6 ) = 40 x 10" 3 so 


1-3 


RC f 


= 25 


v 0 = — 25(—320 x 10” 3 ) = 8V 


/ > 32 ms: 


0.2pF 



l r l 


Vo = 


RCf 


[ 5 dy + 8 = 

J32X10- 3 


RC 


1 '* 
(5y) 


/ 


32xl0- 3 -RC/ 


5(/ - 32 x 10~ 3 ) + 


RCf = (250 x 10 3 )(0.2 x 10" 6 ) = 50 x 10" 3 so 


RCf 


= 20 


v 0 = —20(5)(/ - 32 x 10~ 3 ) + 8 = -100/ + 11.2 

The output will saturate at the negative power supply value: 

-15 =-100/+ 11.2 .7 / = 262ms 
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AP 7.10 [a] Use RC circuit analysis to determine the expression for the voltage at the 
non-inverting input: 

v P = Vf + [V 0 - V f }e~ t/T = -2 + (0 + 2)e~ t/T 
r = (160 x 10 3 )(10 x 10" 9 ) = 10" 3 ; 1/r = 625 

v p = - 2 + 2e- 62M V; v n = v p 

Write a KVL equation at the inverting input, and use it to determine v 0 : 

Vn Vn ~ Vo _ „ 

10,000 + 40,000 “ 

v D = bv n = 5v p = -10 + 10e _625i V 

The output will saturate at the negative power supply value: 

-10 + 10e" 625t = -5; e" 625i = 1/2; t = In 2/625 = 1.11 ms 

[b] Use RC circuit analysis to determine the expression for the voltage at the 
non-inverting input: 

v p = V f + [V 0 - V f \e~ t/T = -2 + (1 + 2)e~ 625t = -2 + 3e" 625t V 

The analysis for v 0 is the same as in part (a): 

v 0 = 5 v p = -10 + 15e" 625t V 

The output will saturate at the negative power supply value: 

-10 + 15e _625t = -5; e" 625t = 1/3; t = In 3/625 = 1.76 ms 
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Problems 


P 7.1 


[a] t < 0 


500fi ekQ 



2kfi||6kfi = 1.5kfl 

Find the current from the voltage source by combining the resistors in series 
and parallel and using Ohm’s law: 

40 


i „(0 ) =-- = 20mA 

; (1500 + 500) 

Find the branch currents using current division: 

, « 2000, 

n 0“ =- 0.02 = 5mA 

v ; 8000 v ; 

i 2 (0~) = ^^(0.02) = 15mA 
v ; 8000 v ; 

[b] The current in an inductor is continuous. Therefore, 

*i(0 + ) = *i(0“) = 5mA 

i 2 (0+) = —+(0 + ) = —5 mA (when switch is open) 

[c] r = £ = X 10 3 3 = 5 x 10” 5 s; - = 20,000 

R 8 x lO 3 r 

n(t) = ii(0 + )e~ t/r = 5e” 20 ’ 00(M mA, t> 0 

[d] i 2 (t) = —ii(t) when t > 0 + 

.-. i 2 (t) = -5e” 20 ’ 000< mA, t > 0 + 


[e] The current in a resistor can change instantaneously. The switching operation 
forces *2(0”) to equal 15 mA and * 2 (0 + ) = —5 mA. 

P7.2 [a] i(0) = 60V/(10Q + 5fi) = 4A 

[bl T= ^ = 45T5 =8 ° mS 
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P 7.3 


[c] i = 4e -t/0 ' 08 = 4e~ 12 ' 5t A, t> 0 
Vi = -45 i = — 180e" 12 ' 5 * V t > 0 + 

v 2 = Ly = (4)(—12.5)(4e" 12 ' 5t ) = -200e" 12 ' 5i V 

LLb 

-251' 


t > 0+ 


[d] Pdiss = * 2 (45) = 720e" 25t W 

Wdiss = t 720e~ 25x dx = 720 
Jo 


25a; 


-25 


= 28.8 - 28.8e" 25t J 


w d iss(40ms) = 28.8 - 28.8c" 1 = 18.205 J 
«i(0) = i(4)(4) 2 = 32J 

% dissipated — t++(100) — 56.89% 

OZj 

[a] i 0 (0 ") = 0 since the switch is open for t < 0. 

[b] For t — 0 the circuit is: 

-> i c 



\1/ 


120Q||600 = 40 fl 


.'. i„ =-= 0.24 A = 240 mA 

9 10 + 40 

iL ( 0_ ) = = 160 mA 

[c] For t — 0 + the circuit is: 


+i - 

g / a 



120 O||40 fl = 3011 
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P 7.4 


12 

i„ = -= 0.30 A = 300 mA 

9 10 + 30 

i a = (—) 300 = 225 mA 
a V160/ 

i o (0+) = 225 - 160 = 65 mA 

[d] i L (0+) = i L ( 0“) = 160mA 

[e] i D (oo) = i a = 225 mA 


[f] zl(oo) = 0, since the switch short circuits the branch containing the 20 17 
resistor and the 100 mH inductor. 


[g] 


L 

T ~ R ~ 


100 x 10 
20 ~ 


-3 


= 5 ms; 


- = 200 
r 


i L = 0 + (160 - 0)e _200i = 160e _200t mA, t > 0 


[h] V[J0 ) = 0 since for f < 0 the current in the inductor is constant 

[i] Refer to the circuit at t = 0 + and note: 

20(0.16) +r+(0 + ) = 0; .5 n L (0 + ) =-3.2 V 

M vl(oo) = 0, since the current in the inductor is a constant at t — oo. 

[k] v L (t) = 0 + (-3.2 - 0)e- 200t = -3.2 e - 20W V, t > 0 + 

[l] i 0 = i a -i L = 225 - 160e _200t mA, t > 0 + 


v 400e 

[a] - = j R= 4UU %- = 4017 

i 10e _M 


[b] r = - = 200 ms 

5 

L , 

[c] t = — — 200 x 10" 3 

it 

L = (200 x 10 _3 )(40) = 8H 


[d] in(0) = -L[i 


2 = -(8)(10) 2 = 400 J 


[e] w di ss = f 4000e~ lt):r dx = 400 - 400e.- lot 


Jo 

0.8w(0) = (0.8)(400) = 320 J 

400 - 400e _10i = 320 .'. e 10< = 5 


Solving, t = 160.9 ms. 
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P 7.5 


P 7.6 


[a] *l(0) = — = 2A 

o 

12 

U0 + ) = —-2 = 6-2 = 4A 
12 

i 0 (oo) = — = 6 A 

[b] i L = 2e-^; r=^ = ^s 

i L = 2e _4t A 

i 0 = 6 — i L = 6 — 2e~ u A, t > 0 + 

[c] 6 - 2e _4t = 5 

1 = 2e _4t 

e 6t = 2 .7 t= 173.3 ms 

w(0) = ^(30 x 10 _3 )(3 2 ) = 135mJ 

-iy(0) = 27 mJ 
5 

in = 3e t//r 


Pdiss = = 9-Re 2t/r 

Wdiss = I R{9)e~ 2x/T dx 
Jo 


g 2 x/t t Q 

^diss 9 R 

—2/r o 


—4.5r-R(e _2to/T 


1) = 4.51/(1 - 


4.5L = (4.5)(30) x 10~ 3 = 0.135; t 0 = 15/xs 


i _ P - 2t °/ T — _ 

5 


e 2t 0 /r = X 25; 


2t 0 2t 0 R 


R = 


t L 
L In 1.25 30 x 10 -3 In 1.25 


= In 1.25 


2 t„ 


30 x 10 


-6 


= 223.1417 


g 2t 0 /r 



Problems 


7-15 


P 7.7 


P 7.8 


M <o(0) = l -Lf; 


9 

to _ _ p~ 2t / T 


= / I 2 Re~ 2t/T dt = I 2 R 


Wdiss 

1 

w diss = (Tw(0) 

1 


= ~J 2 q Rr{ 1 - e~ 2t ° lr ) = 1 - e 


9 (- 2 M 
1 

2 Ia ~ 


-2t 0 /r\ 


LI 2 (l-e- 2t °/ T ) = r(-LI l 


2" 9X ' V2 9 


1 - e 2to/T = cr; 


3 2 t 0 /r _ 


2 1„ 


= In 


(1-cr) 


(1 — a ) 
R{2to) 


= ln[l/(l - a)_ 


R = 


[b] R = 


L In [ 1 / (1 — a) 

2 T 0 

(30 x IQ’ 3 ) In[ 1 /0.8] 


30 x 10" 6 
R = 223.1417 


[a] t < 0 



t > 0 


8mH 



1.6 x 10 


-3 


T = 


= 200 x 10~ 6 ; 1/r = 5000 


= — 10e _5000i A t > 0 
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[b] w dei = ^(1.6 x 10~ 3 )(10) 2 = 80 mJ 

[c] 0.95u?dei = 76 mJ 


76 x 10" 3 
76 x 10" 3 


[ to 8(100e” 10 ’ ooot ) dt 
Jo 


-80 x io- 3 e - 10 ’° oot 


to 


= 80 x 10" 3 (1 - e' 10 ’ 000to ) 


e 10 ’ 000to = 4 x 10 3 so 

to = 552.1 x 10~ 6 = 
r 200 xl0- 6 


t 0 = 552.1 /xs 
so t Q ~ 2.76r 


P 7.9 For t < 0 + 


4Q 1.5H 12.4572 



-48 

i n = - r. -= —6.5 A 

9 6 + (18|| 1.5) 


26 Q 


h (0 ) = lg ^ 5 (~ 6 - 5 ) = -6A = i L (0 + ) 
For t > 0 



26Q 


iLit) = i L { 0 + )e t/T A, t > 0 
L 0.5 

r = — = -n-= 0.0125 s: 

R 10 + 12.45 +(54||26) 

= —6e~ 80i A, t > 0 

*o(«) = = 4.05 e -“V, 


1 

r 


= 80 


t > 0 + 



Problems 7-17 


P 7.10 From the solution to Problem 7.9, 

1 540 = = —1.95e _80t A 

ou 

P 5 40 = 54(i 54 o) 2 = 205.335e _160< W 


/■ 0.0125 

w diss = / 205.335e -160 * dt 

= 205.335 160t 00125 

-160 o 

= 1.28(1 -e" 2 ) = 1.11 J 

stored = ^(0.5)(-6) 2 = 9 mj. 

% diss = ^ x 100 = 12.3% 
9 


P 7.11 [a] t < 0 : 


300 


40 


400V(T) 


-VA-- 

-> 11 .B 4 A 

-Wv- 

D ■ 

non 


1 l (D) 


70 

<l(0-) = *l(0 + ) = 7oT ^(11.84) = 11.2 A 


301, 
>i_ / \ A 




f 9on 

1 

' T 

i a 




Ton 


70 . 

1a = t~-it = 0.4375ir 
160 

„ T .3« a+!T MM. 30(0,4375) !T+ MM iT 
160 160 


52.5i r 


Vt 

It 


R Th = 52.517 


160 
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vl — 30?' a + 90? a = 120? a 

i A = — = -4.9e -2625 * A t> 0 + 


X 

P 7.12 w(0) = -(20 x 10 _3 )(11.2) 2 = 1254.4mJ 

p 30iA = -30 i A i L = —30(—4.9e _262M )(11.2e _2625t ) = 1646.4e- 525W W 

poo g 5250t oo 

w 30l . = / 1646.4e -5250 * eft = 1646.4——— = 313.6mJ 

Jo —5250 o 

Q1 Q /? 

% dissipated =- : —(100) = 25% 

1254.4 

P 7.13 t< 0 



ii(O-) =*l(0 + ) =4A 
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t > 0 



Find Thevenin resistance seen by inductor 



ij- — 4 vt ; 


— = R Th = - = 0.2511 
it 4 


L _ 5 x 10" 3 
R ~ 0.25 


20 ms; 


1/r = 50 




i L (0 + ) = 8A 
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t > 0: 


4 Q 10 Q 



72mH 


R P = 


(10)(40) 

50 


+ 10 = 18 ft 


L 0.072 1 

t = — = -= 4 ms; - = 250 

R e 18 r 


i L = 8e~ 250t A 


v 0 = -10 i L - 0.072^ = —80e _25Ot + 144e" 
dt 


= 64e -250 * A t > 0 H 


P 7.15 w(0) = -(72 x 10" 3 )(8) 2 = 2304mJ 


p m = v l = = 102.4e-““ W 


roo 

w 40n = / 102.4e _500t dt = 204.8 mJ 

Jo 


%diss = £>■> = 8 - 


P 7.16 [a] v a (t) = v o (0 + )e 


+\ P -th 


v o (0 + )e 


+ \ -lxlO- s /r _ 


= 0.5n o (0 H 


3 lx10 _3 /r _ 2 


L 1 x 10 


-3 




R In 2 


.'. L = 10 X 10 3 = 14.43 mH 
In 2 


25(K 



Problems 7-21 


[b] n o (0 + ) = -1000+) = -10(1/10)30 x 10" 3 = -30 mV 
v 0 = -0.03e“ t/r V, t> 0 + 

Pion = ^ = 9 x 10- 5 e~ 2t / T 

rl0~ 3 

Wion(lms) = / 9x10 ~ 5 e~ 2t ^ T dt 

J o+ 


= 4.5r x 10” 5 (1 - e 


3 —2(0.001)/t 


1 

r ~~ 1000 In 2 

iuion(l ms) = 48.69 nJ 

w L (0) = ^Li 2 L (0) = ^(14.43 x 10" 3 )(3 x 10" 3 ) 2 = 64.92nJ 

48.69 

%dissipated in 1 ms =-(100) = 75% 

64.92 v ' 


P 7.17 [a] t < 0 : 


5H 

-Wv- 


/>2 4 A 


165V0) 


NX ^ 

9 A ^ 5Q 


NX 

15A g 3fi 


t = 0+: 


165V0 



33 = i a b + 9 + 15, i a b = 9 A, t — 0 H 


[b] At t = oo: 


5H 



3(7 


15 A© 


i a b = 165/5 = 33 A, t — oo 
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12.5 x 10" 3 


= 2.5 ms 
5 


[c] ii(O) = 9, T\ 

, , 3.75 x 10" 3 

i 2 (0) = 15, t -2 =---1.25ms 

o 

*i(t) = 9e" 40W 
i 2 (t) = 15e" 800t 


f A, t>0 


C A, t> 0 
i ab = 33 - 9e _400t - 15e _800t A, t> 0 4 
33 - 9e" 400t - 15e" 80W = 19 
14 = 9e" 400i + 15e" 800t 
Let x = e- 400i .' 

Substituting, 

15a; 2 + 9a; — 14 = 0 


a; 2 = e~ 800t 


so x = 0.7116 = e 4004 
[ln(l/0.7116)1 

t = 1 y ' inn - C = 850.6/is 


P 7.18 [a] t < 0 


400 


i,(0“) 


105mAjl 




*-* 


7 ) 5 

l IkQ : 

1 4kQ : 

l 20kQ i 


1 kO 114 kO = 0.8 kf2 

20 kL21| 80 kO = 16kfi 

(105 x 10~ 3 )(0.8 x 10 3 ) = 84V 


3fi 


3.75mH 


80kQ 




Problems 


7-23 



16kQ 


, _ N 84 

iA 0 ) =-= 5mA 

M ; 16,800 

t > 0 


4kQ 



20 k n 


L 6 o 1 

r = - = — x 10" 3 = 250 /is; - = 4000 
K 24 t 

i L (t) = 5e" 400(M mA, t>0 

p Ak = 25 x 10" 6 e" 8 ° oot (4000) = 0.10e" 8000i W 

w diss = f O.lOe -8000 * dx = 12.5 x 10" 6 [1 - e 
Jo 

w(0) = ^(6) (25 x 10~ 6 ) = 75juJ 
0.10w(0) = 7.5 juJ 

12.5(1 - e" 8000i ) = 7.5; .'. e“ 

In 2.5 „„„„ 

t =-= 114.54 us 

8000 P 

[b] 71,’di ss (total) = 75(1 — e ~ 8000i ) 

Wdiss(H4.54/is) = 45/iJ 
% = (45/75) (100) = 60% 


= 2.5 


8000*1 j 
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Vi = 1.25[(—1.5)(—2e~ 1 ' 5 *)] = 3.75e~ L5t V, 
v 0 = - Vl -v R = 11.25e~ 1M V t > 0+ 

[b] i Q = 1 /* 11.25e- h5x dx + 0 = 1.25 - 1.25e- L5t A t > 0 
6 7o 

P7.20 [a] From the solution to Problem 7.19, 

i R = — 2e _1 ' 5f A 

p R = (—2e _1 ' 5t ) 2 (7.5) = 30e -3 * W 

POO 

Wdiss = / 30e _3i dt 

Jo 

g —St oo 

= 30— =10J 

—3 o 

[b] trapped = \ (10)(-1.25) 2 + ^(6)(1.25) 2 = 12.5J 
CHECK: w(0) = |(1.25)(2) 2 + |(10)(2) 2 = 22.5 J 

w(0) lUdiss “1“ ^trapped 

P 7.21 [a] Ui(0“) = t>i(0 + ) = 40 V u 2 (0 + ) = 0 

C eq — (l)(4)/5 = 0.8/rF 


25kH 



t = (25 x 10 3 )(0.8 x 10" 6 ) = 20ms; 

T 

i = —e" 50 * = 1.6e _50< mA, t > 0 + 


50 


25kfi 



Vl 

V2 


—4 fl.6x 10~ 3 e~ 5Ox dx + 40 = 32e" 50t + 8 V, t > 0 
10~ 6 jo 
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P 7.22 


P 7.23 


[b] w(0) = ^(10" 6 )(40) 2 = 800 pi 

[c] ^trapped = ^(10~ 6 )(8) 2 + 1(4 X 10" 6 )(8) 2 = 160 pJ. 

The energy dissipated by the 25 kQ resistor is equal to the energy dissipated by 
the two capacitors; it is easier to calculate the energy dissipated by the 
capacitors (final voltage on the equivalent capacitor is zero): 

^diss = ^(0.8xl0- 6 )(40) 2 = 640/rJ. 


Check. ^trapped H - ^diss 160 “b 640 800 /iJ, 

[a] Calculate the initial voltage drop across the capacitor: 
u(0) = (2.7k||3.3k)(40mA) = (1485)(40 x 10" 3 ) = 
The equivalent resistance seen by the capacitor is 
R e = 3k||(2.4k + 3.6k) = 3 k||6k = 2 kT2 


r = R e C = (2000)(0.5) x 10" 6 = 1000 /xs; 
v = v(0)e~ t/r = 59.4e~ 1000t V t > 0 


1 

r 


In = 


2.4k + 3.6k 


= 9.9e 


-lOOOt 


mA, t > 0 - 


[b] w(0) = -(0.5 x 10 _6 )(59.4) 2 = 882.09 pJ 


w(0) = 800 /iJ. 

59.4 V 

1000 


*3 k — 


59.4e _1000t 
3000 


= 19.8e 


-lOOOt 


mA 


p 3k = [(19.8 x 10" 3 )e' 10 ° 0i ] 2 (3000) = 1.176e 


2000f 


W3fc(500/is) = 1.176 


,—2000x 


-2000 


500xl0~ 6 l 


-2000 


e _i - 1) = 371.72/J 


371.72 

882.09 


x 100 = 42.14% 


[a] R= - = 4kft 


[b] 


r RC 


= 25; 


C = 


(25) (4 x 10 3 ) 


= 10 pE 


[c] r = — = 40 ms 
25 


[d] w( 0) = -(10 x 10 _6 )(48) 2 = 11.52mJ 



Problems 7-27 


/•0.06 v 2 /-0.06 (48e _25t ) 2 

[e] w diss (60ms) = / —dt = / - 7 -- 7777 ^ 

Jo R Jo (4 x 10 3 ) 

e -50t 0.06 

= 0.576-- = -5.74 x 10 " 4 + 0.01152 = 10.95mJ 

-50 0 

P 7.24 [a] t < 0: 


2V 20Q 5Q 2Q 



0.2 

i 1 (0 + ) = — = 100 mA 
, - 0.2 

i 2 (0 + ) = —- = -25 mA 

O 


[c] Capacitor voltage cannot change instantaneously, therefore, 

ii(0“) = ii(0 + ) = 100 mA 

[d] Switching can cause an instantaneous change in the current in a resistive 

branch. In this circuit 

?2 (0 _ ) = 100 mA and i 2 (0 + ) = —25 mA 

[e] v c = 0.2e _t/r V, t> 0 R e = 2||(5 + 3) = 1.6 ft 

r = 1.6(2 x 10" 6 ) = 3.2 x 10 -6 s 
v c = 0.2e _312,500f V, t> 0 
?1 = | = 0 . 1 e- 312 ’ 500 t A, t> 0 


ffl 


25g—31 2 ,500t 


mA, 


—v. 


t > 0 
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P 7.25 


[a] t < 0: 


i.skn 


12 0 v(f) 


-Wv-' 


+ 


6 \( 0 ) 5 

E I 2 kn s 

- 



68kn 


R e = 12 k| |68 k = 10.2 kfl 

10,200 


f o (0) = 


t > 0: 


10,200 + 1800 


120) = -102 V 



r = [(10/3) x 10~ 6 )(12,000) = 40ms; 

v 0 = -102e" 25 i V, t> 0 
v 2 

p = -— = 867 x 10" 3 e" 50t W 

F 12,000 

rl2xl0~ 3 

Wdiss = / 867 x 10 - 3 e~ 5Ot dt 

Jo 


= 25 


r 


= 17.34 x 10" 3 (1 - e _50(12x10 3) ) = 7.82 mJ 


[b] w(0) = (y) (102 ) 2 x 10 " 6 = 17.34mJ 

0.75u?(0) = 13 mJ 

[ to 867 x 10 - 3 e~ 50x dx = 13 x 10 " 3 
Jo 


.-. 1 - e~ 50to = 0.75; e Mt ° = 4; so t 0 = 27.73ms 


50 to A . 




Problems 


7-29 


P 7.26 


[a] 


20 kQ 



vt = 20 x 10 3 (It + olv a) + 5 x 10 3 2t 
= 5 X 10 3 iT 

v T = 25 x 10 3 i T + 20 x 10 3 a(5 x 10 3 i T ) 
R Th = 25,000 + 100 x 10 6 a 
t = R Th C = 40 x 10~ 3 = i? T h(0.8 x 10“ 6 ) 

R Th = 50kfi = 25,000 + 100 x 10 6 a 
25,000 


a = 


100 x 10 6 


= 2.5 x 10~ 4 A/V 


[b] v o (0) = (-5 x 10” 3 )(3600) = -18 V t< 0 
t > 0: 



v 0 = -18e" 25t V, t> 0 


20 k n 



v A v a -v 0 4 

-“I - -“I- 2.5 x 10 — 0 

5000 20,000 
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4 va + va - v 0 + 5va = 0 

.7 va = ^ = -1.8e~ 25 t V, t>0+ 

P 7.27 [a] 20 k(7 



dependent source is delivering 145.8 /iJ 

roo r oo 

[b] w 5k = / (5000)(0.36 x 10 - 3 e~ 25t ) 2 dt = 648 x 10 " 6 / e _50t dt = 12.96^1 

Vo Vo 

roo (16 2 p — /*oo 

w 20 k = / 1 onnnn ; dt = 13,122 x lO ” 6 / e _50t dt = 262.44 p5 

J o 20,000 jo 

w c (0) = ^(0.8 x 10' 6 )(18) 2 = 129.6/iJ 

5> diss = 12.96 + 262.44 = 275.4 /iJ 
£> dev = 145.8 + 129.6 = 275.4/iJ. 





Problems 7-31 



vt = —5 i a — 15 i a = —20 i a = 201t 


2on 



-RTh 


Vt 

It 


2011 


r = RC = 40 n s; 


1 = 25,000 
r 


v 0 = 15e _25,0tXM V, t > 0 

i a = = —0.75e _25,ootM A, t > 0 


P 7.29 [a] The equivalent circuit for t > 0: 


^0 


+ 



+ 

10 V- 



= C V 1 


eq o 


— 


C = 0 . 2 U.F 

eq r 

r = i o k n 

eq 


t = 2ms; 1/r = 500 

Vo = 10e _500t V, t> 0 
i 0 = e~ 500t mA, t > 0+ 

imn = e- 5 “ Q = 0.4e-““ mA, t > 0+ 

P 24 fco = (0.16 x 10” 6 e- looot )(24,000) = 3.84 e - 1000t mW 

poo 

w 24kn = / 3.84 x 10 ~ 3 e~ wm dt = -3.84 x 10~ 6 (0 - 1) = 3.84 /iJ 

Jo 
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w{0) = ^(0.25 x 10" 6 )(40) 2 + ^(1 x 10" 6 )(50) 2 = 1.45mJ 

O Q/| y 1 A— 6 

% diss (24kfl) = --- x 100 = 0.26% 

1.45 x 10 -3 

[b] Pioon = 400(1 x lO’V 500 *) 2 = 0.4 x 10-V looot 

poo 

W400Q = / P400 dt = 0.40/ij 
J 0 

0.4 x 10“ 6 

% diss (40011) =-, x 100 = 0.03% 

v ’ 1.45 x 10~ 3 

*iekn = e- 500t = 0.6e- 500t mA, t > 0+ 

PiGkn = (0.6 x 10 _3 e _500< ) 2 (16,000) = 5.76 x 10~V loow W 

poo 

w 16kn = / 5.76 x 10 -3 e -lootM dt = 5.76 pJ 

Jo 

% diss (16kfi) = 0.4% 

[c] ^ vi; diss = 3.84 + 5.76 + 0.4 = 10 /J 

^trapped = ™(0) - ^ W diss = 1-45 x 10^ 3 - 10 x 10~ (> = 1.44 mJ 

1.44 , w 

% trapped =-x 100 = 99.31% 

1.45 

Check: 0.26 + 0.03 + 0.4 + 99.31 = 100% 

P 7.30 [a] C e = (2 + 1)6 = 2 pF 

e 2 + 1+6 P 

v o (0) = -5 + 30 = 25 V 
r = (2 x 10' 6 )(250 x 10 3 ) = 0.5s; - = 2 

T 



v 0 = 25e _2< V, t > 0 + 




Problems 7-33 




At t = oo, both capacitors will have completely discharged. 

i s d( oo) = 5A 

[b] i sd (t) = 5 + ii(t) + i 2 (t ) 
t i = 0.2(10 -6 ) = 0.2 /rs 
t 2 = 0.5(100 x 10" 6 ) = 50 fxs 
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n{t) = 750e" 5xl ° 6f A, t>0+ 
i 2 (t) = 300e" 2 °’ ooot A, t > 0 
i sd = 5 + 750e- 5xl ° 6 ‘ + SOOe" 20 ’ 0004 mA, t > 0 + 
P 7.32 [a] t < 0: lkfi 



u o (0“) = (3000) (24 m) = 72 V 
i 2 (0“) = 40 - 24 = 16 mA 
u 2 (0“) = (6000) (16 m) = 96 V 
t > 0 



96Vt0.3,UF 72Vt0.6|UF 

r = RC = (1000)(0.2 x 10~ 6 ) = 200 ^s; - = 5000 

r 



96VJ0-3/UF 72V 40.6^ v q 







Problems 7-35 


v 0 = - 1 -- / < 24 x 10- 3 e- 500te dx + 72 

0.6 x 10~ 6 7 o 

g—5000* t 

= < 40 ' 000 >^ 0 
= —8e~ 5000t + 8 + 72 

v Q = [—8e _500W + 80] V, t > 0 
[C] ^trapped = (1/2)(0.3 x 10- 6 )(80) 2 + (1/2)(0.6 x 10 _6 )(80) 2 

^trapped 2880 /iJ. 

Check: 

miss = ^(0.2 x 10~ 6 )(24) 2 = 57.6+J 

w(0) = *(0.3 x 10 _6 )(96) 2 + *(0.6 x 10" 6 )(72) 2 = 2937.6+J. 

Strapped 4" = w(0) 

2880 + 57.6 = 2937.6 OK. 

P7.33 [a] t<0 _^i L (0-) 



i L { 0”) = -5A 
t > 0 


4Q 4mH 16Q 
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P 7.34 


i L = %l{ oo ) + [* l ( 0 + ) - i L (oo)\e~ t,T 

= -2 + (-5 + 2)e" 500W = -2 - 3e" 5000t A, t > 0 
v 0 = m L + 80 = 16(—2 - 3e- 5000t ) + 80 = 48 - 48e- 5000t V, t > 0 + 

[b] v L = L^- = 4 x 10 _3 (—5000)[—3e _5000i ] = 60e- 5000t V, t > 0 + 

v L (0 + ) = 60 V 

From part (a) n o (0 + ) = 0 V 

Check: at t = 0 + the circuit is: 

4 Q 5A 16Q 

-va-©■--—va- 

+ v L (0 + ) - 

40 v(T) vjo+)Qsov 


v L (0 _ 

[a] t < 0 


= 40 + (5A)(4ft) = 60 V, n o (0 + ) = 80 - (16ft)(5 A) = 0V 

10Q 



+ 

-va- 

I) 80 : 

i v j 

a 

f 40Q 


KVL equation at the top node: 

, n V 0 V 0 V 0 

50 = 8 + 40 + l0 

Multiply by 40 and solve: 

2000 = (5 + 1 + 4)n 0 ; v Q = 200 V 


i o (0“) = = 200/10 = 20 A 


t > 0 


12 0Q 

-VA' 


8 0 0V(T) 


i/0-) 



40mH 




Problems 7-37 


Use voltage division to find the Thevenin voltage: 

40 

V Th = v 0 = -(800) = 200 V 

40 + 120 v ; 

Remove the voltage source and make series and parallel combinations of 
resistors to find the equivalent resistance: 

Rjh = 10 + 1201|40 = 10 + 30 = 40 U 

The simplified circuit is: 


40Q 



io(oo) = — = 5A 

i D = i 0 (oc) + [+(0 + ) - i Q {oo)\e~ t/T 
= 5 + (20 - 5)e" 1000t = 5 + 15e" 1000i A, t> 0 
di 

[b] v 0 = i0i o + L 

at 

= 10(5 + 15e" 100W ) + 0.04(—1000)(15e“ looot ) 

= 50 + 150e _loow - 600e- looot 
v 0 = 50 - 450e _loow V, t > 0+ 

P 7.35 After making a Thevenin equivalent we have 

t=0 



For t < 0, the 15 resistor is bypassed: 
i o (0~) = i Q ( 0+) = 50/5 = 10 A 
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P7.36 


P 7.37 


P 7.38 


L 16 x 10 


-3 




= 8 x 10~ 4 ; - = 1250 

R 5 +15 r 


s(oo) = £; = 5^5 = 2 - 5A 


i Q = i„( oo) + [i o (0 + ) - i 0 (oo)}e~ t/T = 2.5 + (10 - 2.5)e" 1250t = 2.5 + 7.5e" 1250t A, t > 0 
v 0 = L^- = 16 x 10" 3 (-1250)(7.5e" 125W ) = -150e" 125W V, t > 0+ 

Uib 


[a] u o (0 + ) = -I g R 2 ; t = 


R\ + R‘2 

Vo(oo) = 0 

Vo(t) = -IgR 2 e~ KRl+R2)/L]t V, t > 0 + 

[b] v 0 = -(10)(15)e^™ lt = —150e _1250< V, t > 0^ 

[c] i> o (0 + ) — y oo, and the duration of vjt) — y zero 

L 

[d] V sw = R 2 lo ; T = 


R\ + R‘2 


i O (0 + ) = Ig\ i Q ( OO) = Ig 


Ri 


R\ + R 2 


Therefore i Q (t ) = 


_ IgR 1 I 

R\-\-R2 


IqRl 


I 9 R 1 +R 2 


g— [(itl RR2) / L\t 


A (f\ - Rlh 1 gg Ig -[( R 1 +R 2 )/L]t 
(R1+R2) ^ (R1+R2) 


Therefore 

[e] |n sw (0 + )| -> 00 ; 


R Rin 


Rllg 


+ 


R 2 I 


R _ p— [(R1+R2) / L\t j- N, Q + 

/HoA j 1 — u 


duration —> 0 


Opening the inductive circuit causes a very large voltage to be induced across the 
inductor L. This voltage also appears across the switch (part [e] of Problem 7.36) 
causing the switch to arc over. At the same time, the large voltage across L damages 
the meter movement. 

[a] From Eqs. (7.35) and (7.42) 

- 'b ('«■- 1 ) *- (W 

V= (V s - IoR)e~ WL)t 


— = 4 - 
R 


I — — = 4 
0 R 



Problems 7-39 


P 7.39 


V 9 - I 0 R = -80; j = 40 
V s 

••• I D = 4 + -J=8A 

jTL 

Now since V, = 47? we have 
47?-87? =-80; 7? = 2017 

Vs = 80 V; L=^ = 0.5H 

[b] i = 4 + 4e -40 *; i 2 = 16 + 32e" 40i + 16e~ mt 

w = 1Li 2 = ^(0.5) [16 + 32e _40t + 16 e - sot ] = 4 + 8e~ m + 4e 

4 + 8e _40i + 4e _80t = 9 or e~ 80t + 2e~ m - 1.25 = 0 
Let x = e~ 40t : 

x 2 + 2x — 1.25 = 0; Solving, x = 0.5; x = —2.5 

But x > 0 for all t. Thus, 

e~ 40t = 0.5; e 40t = 2; 7 = 25 In 2 = 17.33 ms 

For t < 0 



15 


O.8tt0 


Uo; — 480 

+ V- 

21 


0 


v x — 480 

V * = ~2T~ 


15 


- 0.8 





v x ( v s — 480 \ 

= ii + 0,2 ( 2 i ) = 21Vx +- 480) = 0 


sot 






Problems 7-41 


P 7.40 


vt — + 0-8vt 0.2i>t — 5ix 

R Th = 25Q 


vt 

ir 


80mH 


15QJ 



i 0 ( 00 ) = 320/40 = 8 A 


80 x 10" 3 

r =-—-= 2ms; 1/r = 500 


40 

i a = 8 + (4 - 8)e _500t 
t > 


4 e -5°ot A t >0 



V ± + V.~ Vo(0 + ) = 20 x 10 -3 

15 5 


•. v a = 0.75v o (0 + ) + 75 x 10 


-3 


o v o (0 + ) — v a v o (0 + ) o 

15 x 10" 3 + -- + „ ; - 9 i A + 50 x 10" 3 = 0 


13u o (0 + ) — 8v a — 360?'a = —2600 x 10 


V o (0 + ) o 

i A = v ri ; - 9 i A 4- 50 x 10" 3 


-3 


i A = 


v o (0 + ) 

80 


+ 5 x 10 


-3 


360?; a = 4.5v o (0 + ) + 1800 x 10~ 3 
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8v a = 6n o (0 + ) + 600 x 10" 3 

13u o (0 + ) - 6u o (0 + ) - 600 x 10" 3 - 4.5u o (0 + ) — 
1800 x 10" 3 = -2600 x 10" 3 
2.5u o (0 + ) = -200 x 10~ 3 ; v o (0 + ) = -80 mV 

v 0 (oo) = 0 

Find the Thevenin resistance seen by the 4 mH inductor: 



it 



Vt 

¥ 


- 9*a 



10?a 


Vt 

y ; 



Vt \Evt Qvt 

XT' — — 

20 80 80 

y=-+-=-=-s 

v T 20 80 80 16 

Rt\\ — 1611 
4 x 10 -3 

r =-= 0.25 ms; 1 It = 4000 

16 

v Q = 0 + (-80 - 0)e _4000t = —80e _4000< mV, t > 0 + 



Problems 7-43 


P 7.41 


P 7.42 


[a] 


R 


<3 


t=0 



”+I I'vdx = V i 

R + L Jo R 


= 0 

v = 0 


1 dv v 
Rdt + L 

dv R 
dt L 

run dv R 

[bl Tt = ~L V 


dv R 

— dt — ——v dt 
dt L 

dv R , 

- = --dt 
v L 


r v( R dy 
M 0 +) y 


In y 


R 

L J o+ 

* W = - I*) t 

^(o+) \L) 


dx 


In 


v(t) 

n(0 + ) 


'R: 

3, 


v(t) = v(0 + ) e ~ {R/L)t ; n(0 H 

v(t) = (V s - I 0 R)e~ {R/L)t 


^ - I 0 ) R = V a - I 0 R 

IX 


t > 0 




r = 


1 

40 
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i Q = 5e -40< A, t> 0 

v 0 = 40i o = 200e" 4M V, t > 0 + 

200e _40t = 100; e m = 2 
1 

t ——In 2 = 17.33 ms 
40 

P 7.43 [a] w diss = h e i 2 ( 0) = ^(1)(5) 2 = 12.5 J 

[b] hH = l [\200)e- 4Ox dx-5 

oJ 0 

= 1.67(1 - e~ m ) - 5 = —1.67e -40t - 3.33 A 

ii.5H = T-r f* (200)e~ 4Oa; dx + 0 
1.5 J o 

= —3.33e" 40t + 3.33 A 
trapped = ^(4.5)(3.33) 2 = 25 J 

[c] w(0) = ^(3)(5) 2 = 37.5J 

P 7.44 [a] t < 0 



24 x 10~ 3 1 

i L (0“) = i L (0 + ) = 25mA; r =-—-= 0.2ms; -= 5000 

120 r 

%l{ oo) = —50 mA 

i L = -50 + (25 + 50)e _5000t = -50 + 75e- 5000t mA, t > 0 
v 0 = -120 [75 x 10 _3 e _5000t ] = —9e _5000i V, t > 0 + 



Problems 7-45 


P 7.45 


P 7.46 


[b] h = 


[C] *2 = 


-5000a; 


60 x 10- 3 Jo 

1 f 

40 x IQ" 3 Jo 


dx + 10 x 10 3 = (30e" 


20) mA, t > 0 


dx + 15 x 10" 3 = (45e _5000i - 30) mA, t > 0 


[a] Let v be the voltage drop across the parallel branches, positive at the top node, 
then 

v 1 f 1 1 A 

-In + — + — / v dx + — / vdx = 0 
R„ Li Jo L 2 Jo 


+ ^ + 


L\ L2J J 0 


v d x = In 


1 R 


V dx = In 


1 dv + v q 
Rg di L e 

dv Rn 

Tt + T e v = 0 

Therefore v — I g R g e~ t l T \ r = L e J R g 

Thus 

1 ft t d —x/t , Ig R 9 e ~ X,T 1 h L 

ll = ~T h R 9 e dx = 1 / \ = ~T~ 

L\ Jo L 1 (— 1 /r) 0 Li 


P(l-e"‘/ T ) 


ii = r J I ^ r (l-e- t/T ) and i 2 = —^-(1 - e^) 

ial + ia2 ial + ia2 

[b] ii(oo) = L J g] * 2 ( 00 ) = L ^ L J y 

Forf < 0, i 8OmH (0) = 50V/10Q = 5A 

For t > 0, after making a Thevenin equivalent we have 
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t L 100 x 10~ 3 

/„ = 5A; / / = | = ^ = -10A 

i = -10 + (5 + 10)e _80t = -10 + 15e _80t A, t> 0 

rf j 

v 0 = 0.08— = 0.08(—1200e _8W ) = -96e- 8W V, t > 0 + 
dt 

P 7.47 For t < 0 

8 

Simplify the circuit: 

80/10,000 = 8mA, 10 kO||40 kO||24 kO = 6kft 

8 mA — 3 mA = 5 mA 
5mA x 6kfi = 30V 
Thus, for t < 0 

O.OS^F 

u o (0“) =v o (0 + ) = 30V 




t > 0 





Problems 7-47 


Simplify the circuit: 

8 mA + 2 mA = 10 mA 
10k||40k||24k = 6 kO 
(10 mA) (6 kQ) = 60 V 
Thus, for t > 0 



n 0 (oo) = —60 V 

T = RC = (10k) (0.05 n) = 0.5ms; - = 2000 

r 

V Q = v Q (oo ) + [n o (0 + ) - v 0 (oo)]e~ t/r = -60 + [30 - (— 60)]e — 2000 * 
= -60 + 90e" 2000 * V t> 0 

P 7.48 [a] Simplify the circuit for t > 0 using source transformation: 



Since there is no source connected to the capacitor for t < 0 
u o (0“) =n o (0 + ) = 0V 
From the simplified circuit, 

n 0 (oo) = 60 V 

r = RC = (20 x 10 3 )(0.5 x 10' 6 ) = 10ms 1/r = 100 

v 0 = v 0 (oo) + [n o (0 + ) — Vo(cxD)]e _< ^ r = (60 — 60e -100< ) V, t > 0 
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.49 


run • n dv o 

[b] i c = C— 
dt 

i c = 0.5 x 10~ 6 (—100)(—60e _loot ) = 3e" 100t mA 

v { = 8000i c + v 0 = (8000)(3 x 10" 3 )e" 10M + (60 - 60e" 100i ) = 60 - 36e" 100i V 


In = 


Vl 


60 x 10 3 


= 1 - 0.6e 


-loot 


mA. 


[c] i\(t) = i Q + i c = 1 + 2.4e u J mA 
V 1 An* loot 


t > 0 + 


t > 0 + 


[d] i 2 (t) = 


= 4 - 2.4e” 


mA 


t > 0 + 


15 x 10 3 
[e] ^(0+) = 1 + 2.4 = 3.4mA 
At t — 0 + : 

R e = 15 k||60 k||8 k = 480011 
v 1 (0 + ) = (5 x 10 _3 )(4800) = 24 V 

ii(0 + ) = - = 0.4m + 3m = 3.4mA (checks) 

v ; 60,000 8000 v 

[a] v = I S R + (V 0 - I s R)e~ t/RC 


i= 1 


V c 

R 


O \ e -t/RC 


I S R = 40, V 0 -I S R=- 24 
.'. V„ = 16V 


77 - ^ = 3 x 10 


-3. 


16 

L —— = 3 x 10 


-3. 


R R 

.-. I s - 0.4/ s = 3 x 10" 3 ; I s = 5 mA 
40 

R= — x 10 3 = 8kfl 
5 


R= f 


1 = 2500; C= '' 


10 


-3 


RC 

[b] v(oo) = 40V 


25007? 20 x 10 3 


= 50 nF; r = RC = 


2500 


= 400 /is 


w( oo) = -(50 x 10 _9 )(1600) = 40/iJ 

0.81w(cxd) = 32.4/iJ 

9/ . 32.4 x 10~ 6 . . 

v 2 {t 0 ) — 25xl0 - 9 = 1296; „(*„)= 36 V 


40 - 24e~ 2500to = 36; 


„2500t„ 


= 6; .'. t Q = 716.70 /is 



Problems 7-49 


P 7.50 


P 7.51 


P 7.52 


[a] For t > 0: 




+ 


+ 

5 0V = 

= 8nF 

v i 

O -= 



- 


[b] = 


r = RC = 250 x 10 3 x 8 x 1(T 9 = 2 ms; - = 500 

T 

v 0 = 50e _500t V, t > 0+ 
v n 50e _500t 


= 200e _5 ° ot fiA 


250,000 250,000 

-1 


Vl = 


40 x 10- 9 


x 200 x 10~ 6 [ e~ 500x dx + 50 = 10e" 50W + 40 V, t > 0 
Jo 


[a] w = *C eq vl = *(8 x 10 9 )(50 2 ) = 10 


[b] trapped = ^t 40 ) ( 50 X 10 ) = 40 

[c] w(0) = ^(40 x 10~ 9 )(50 2 ) = 50/ij 


For t > 0 


V T h = (—25)(16,000)i b = -400 x 10 3 i b 

= x 10" 6 ) = 49.5/iA 

80,000 v ; P 

V Th = -400 x 10 3 (49.5 x 10" 6 ) = -19.8 V 

R Th = 16 kll 


19.BVQ 


16kQ 


AM- 


+ 


0.25]_lF T 


v 

o 


v a (oo) = -19.8V; r> o (0 + ) = 0 

r = (16,000)(0.25 x 10" 6 ) = 4ms; 1/r = 250 
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v 0 = -19.8 + 19.8e _250t V, t> 0 

w(t) = ^(0.25 x 10" 6 )v 2 = w( oo)(l - e ~ 250t ) 2 J 


q _ e - 25 (M \2 _ 0-36w(oo) 
w( oo) 


0.36 


1 - e~ 250< = 0.6 

e" 25 w = 0.4 .'. t = 3.67ms 


P 7.53 [a] 


3 6 V© 


1.8kQ 3.2kQ 

-VA-•— 

+ 

vjt) 

-*— 


■Wv- 


y 


Lit) 


0 .8]JF 


— 36 

i o (0 + ) =-= —7.2 mA 

v ; 5000 

[b] i G (oo) = 0 

[c] r = RC = (5000)(0.8 x 10" 6 ) = 4 ms 

[d] i 0 = 0 + (—7.2)e -250 * = — 7.2e _250t mA, t > 0+ 

[e] v 0 = -[36 + 1800(—7.2 x 10~ 3 e" 250t )] = -36 + 12.96e -250 * V, 

P 7.54 [a] u o (0“) = v o (0 + ) = 120 V 


_^-o .12 -5kQ 


0-04^F 



© 150 V 


v G (oo) = -150 V; r = 2 ms; - = 500 

T 

v Q = -150 + (120 - (—150))e _500t 
Vo = -150 + 270e _500t V, t> 0 
[b] i 0 = -0.04 x 10“ 6 (—500)[270e _500t ] = 5.4 e - 500t mA ! 


t > 0 + 


t > 0 + 



Problems 7-51 


[c] v g = v 0 - 12.5 x 10 3 i o = -150 + 202.5e" 50M V 

[d] v 9 (0 + ) = -150 + 202.5 = 52.5V 

Checks: 

Vg (0+) = i o (0 + )[37.5 x 10 3 ] - 150 = 202.5 - 150 


• _ v a 

l50k 50k 

_ V 9 

Hmk - 15Qk 


-3 + 4.05e" 500< mA 
= -1 + 1.35e" 500t mA 


■*o + i^ok + A 50 k + 4 — 0 (ok) 


52.5 V 


P 7.55 For t < 0, u o (0) = (-3 m)(15 k) = -45 V 




I 


vt — —20 x 10 3 za + 8 x 10— —20 x 10 3 (0.2)i7’ + 8 x lO 3 ^ — 4 x lO 3 ^ 

Vt „ 

i? T h = — = 4kQ 
ir 


t > 0 



O 45 V 


v 0 = 45 + (-45 - 45)e" t/T 
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t = RC — (4000) f— x 10" 6 ) = 250 //s; - = 4000 

V16 / r 

v 0 = 45 - 90e _4000t V, t > 0 
P 7.56 v o (0) = 45 V; u 0 (oo) = -45 V 

Rtii = 20 kfl 

r = (20 x 10 3 ) (— x 10” 6 ) = 1.25 x 10" 3 ; - = 800 

V16 / r 

v = -45 + (45 + 45)e _800< = -45 + 9Qe _800t V, t > 0 

P 7.57 t < 0; 

20 

i o (0~) = — (10 x 10 ~ 3 ) = 2 mA; v o (°“) = (2 x 10" 3 )(50,000) = 100 V 

t — oo: 



i 0 ( oo) = —5 x 10 3 = — 1mA; v 0 (oo ) = i 0 (oo) (50,000) = —50 V 

i? T h = 50kn||50kO = 25kO; C' = 16nF 
r = (25,000)(16 x 10" 9 ) = 0.4ms; - = 2500 

T 

Vo(t) = -50 + 150e _2500< V, t > 0 



t > 0 




Problems 7-53 


P 7.58 


P 7.59 


^50 k 


Vo 


50,000 


=-1+ 3e" 2500< mA, t > 0 H 


i Q = i c + i 5 ok = -(1 + 3e 2500t ) mA, t > 0 


[a] Let i be the current in the clockwise direction around the circuit. Then 

1 ft 1 rt 

V q = iRn + — / idx+ — idx 
CiJ o C 2 J o 


= iR, 


+ (+ ^r) [ idx = iR g + [ idx 

VCi C 2 J J o C e i o 


Now differentiate the equation 

_ _ di i di 1 

°- Rl dt + c c or Jt + aJa* ~ 0 

Therefore i — Lg-VftjC. — r , ' ; r — /?,/ 


I 1/ , T/ p x / T 

— _ / V JL e ~ x l r dx = - 1 _ 

U cjo Rg ' RgCx-l/r 

v r 

~ e ~ t/T)] t = r ^ 


c x le 


v 2 (t) = 


w „ o _ t/T 


C] + C 2 


(i-e- f/T ); r = RgC e 


[b] ni(oo) = w C ^V g ] v 2 (oo) = c ^ c Vg 


C 1+^2 


[a] 



1) 


1 R 

I S R = Ri + — idx + V 0 
C J o+ 

di i 

0 = R dt + C +0 
di i 

" Jt + RC = 
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P 7.60 


[b] 


di i di dt 
Jt ~ ~ RC ’ T ~ ~RC 

/■*(*) dy 1 C 


In 


40 +) y 

i(t) 


RC J o+ 
-t 


dx 


i(0+) 

i(t) = i(0 + )e ~ t/RC ; i(0 + 

[a] t < 0 


/ s 7? - V 0 
R 


= I 


Vo 

R 



+ 

(41=1) (□ . S) 
( 0 . 2 + 0 . 8 ) 


+ 

(40) (0.2) 
( 0 . 2 + 0 . 8 ) 


= 32V 


= 8V 


t > 0 


6.2 5 k Q 


+ + 
48V v 

□ 




Vo(0") =y o (0 + ) =40V 
v 0 (oo) = 80 V 

r = (0.16 x 10 -6 )(6.25 x 10 3 ) = 1ms; 1/r = 1000 
v 0 = 80 - 40e _looot V, t > 0 

[b] i 0 = -C^ = -0.16 x 10” 6 [40,OOOe _looot ] 

= -6.4e" 1000t mA; t > 0 + 



Problems 7-55 


P 7.61 


P 7.62 


[c] 

[d] 

[e] 

[a] 

[b] 

[c] 


[d] 

[e] 

m 

[a] 

[b] 


v x = --—- /* -6.4 x 10~ 3 e” loot)x dx + 32 

0.2 x 10~ 6 Jo 

= 64 - 32e" 1000< V, t> 0 

v 2 = -——- -6.4 x 10- 3 e- 100te dx + 8 

0.8 x 10~ 6 Jo 

= 16 - 8e" 1000t V, t> 0 

^trapped = ^(O- 2 x 10" 6 )(64) 2 + *(0.8 x 10- 6 )(16) 2 = 512 fjJ. 
v c (0 + ) = 50 V 

Use voltage division to find the final value of voltage: 

20 

«c(°o) = ^^(-30) = ~ 24 v 

Find the Thevenin equivalent with respect to the terminals of the capacitor: 
Vr-h = —24 V, i? T h = 201| 5 = 4 0, 

Therefore r = R eq C = 4(25 x 10~ 9 ) = 0.1 /js 
The simplified circuit for t > 0 is: 



25nF=i= 


2 4V 


, -24-50 

i 0+ =-= —18.5 A 

v y 4 

v c = v c (oo) + [v c (0 + ) - v c (oo)\e~ t/r 

= -24 + [50 - (—24)]e _t/r = -24 + 74e” 1C)7 * V, 

i = C ^ = (25 x 10 _9 )(—10 7 )(74e _1 ° 7t ) = -18.5e' lo7< A. 

Use voltage division to find the initial value of the voltage: 
9k 


t > 0 

t > 0 H 


n c (0 + ) = v gk = 


- (120) = 90 V 


9k + 3k 

Use Ohm’s law to find the final value of voltage: 

v c (oo) = v 40k = -(1.5 x 10 _3 )(40 x 10 3 ) = -60 V 
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[c] Find the Thevenin equivalent with respect to the terminals of the capacitor: 

Vrh = —60 V, i? Th = 10k + 40k = 50kft 
r = RThC = 1 ms = 1000 /js 

[d] v c = v c (oo) + [n c (0 + ) - v c (oo)\e~ t,T 

= -60 + (90 + 60)e" looot = -60 + 150e" loow V, t> 0 

We want v c = —60 + 150e _looot = 0: 
ln(150/60) 

Therefore t = -= 916.3 us 

1000 P 

P 7.63 [a] For t < 0, calculate the Thevenin equivalent for the circuit to the left and right 

of the 400-mH inductor. We get 

15kQ 400mH 5kQ 



2 0 0V(T) 


, -60 - 200 

<0 ) = ——-— = -13 mA 

15k + 5k 

i(0“) = i(0 + ) = -13 mA 

[b] For t > 0, the circuit reduces to 
400mH 5kQ 
-m— 


©60V 


70 


060V 



Therefore i(oo) = 

-60/5,000 = -12 mA 

[C] 

L 

400 x 10" 3 

= 80 /is 

T ~ R = 

5000 

[d] 

i(t) = i( 

(oo) + [i(0 + ) 

— i(cxD)]e^^ r 


= 

-12 + [-13- 

+ 12]e _12,500f = -12 - e' 12 ’ 500i mA, 


P 7.64 [a] From Example 7.10, 

LiL-2 — M 2 36 — 16 5 

cq “ L x + L 2 - 2 M ~ 20-8 “ 3 H 

Leq = (5/3) = ^ 

R (50/3) 10 


r = 



Problems 7-57 


100 


100 


to = 


- 10 1 


(50/3) (50/3) 


= 6 — 6e~ 10t A t > 0 


[b] v Q = 100 - ^ i Q = 100 - ^(6 - 6e _10t ) = 100e" lot V, 

o o 

dii di 2 

[cl = 2 Tt + 4 * 

i Q = ii+ 1*2 


di 0 di\ d%2 
dt dt dt 


di 


di Q di\ 


di\ 


= _ = g0e _i 0t _ ^ 

dt dt dt dt 


100e- lw = 2^ + 4(W lot - ^ 
dt V dt 


^ = 70e- lw 
dt 


dii = 70e 
rh 


- 10 1 


[ dx = 70 [ e 10y dy 
Jo Jo 


dt 

t 

o 


n = 70 


3-10 y 

-10 


= 7 — 7e~ 10t A, t>0 


[d] i 2 = i 0 — ii 

= 6 - 6e~ 10t - 7 + 7e _lw 
= —1 + e _10t A, t>0 


[e] v 0 


l 2 § + m§ 

dt dt 


18(—10e” lw ) + 4(70e~ 10i ) 
100e _lot V, t > 0 + (checks) 


Also, 

V n 


dii , d%2 


= 2(70e _lw ) + 4(—10e -lw ) 

= 100e _lw V, t > 0+ CHECKS 


t > 0 + 
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ii(0) = 7 — 7 = 0; agrees with initial conditions; 
i 2 (0) = —1 + 1 = 0; agrees with initial conditions; 

The final values of i Q , R, and i 2 can be checked via the conservation of 
Wb-turns: 

i 0 (oo)L e q = 6 x (5/3) = 10 Wb-tums 

ii(oo)Li + i 2 (oo)M = 7(2) — 1(4) = 10 Wb-turns 

i 2 (oo)L 2 + R(po)M = —1(18) + 7(4) = 10 Wb-tums 


Thus our solutions make sense in terms of known circuit behavior. 


.65 


[a] L e q — 


r = 


(3)(15) 

3 + 15 ' 

Le q = 2 + 
R 7.5 


2.5H 

1 


+ ( 0 ) = 0 ; 


io( 00 ) 


120 

+5 


16 A 


i 0 — 16 — 16e 3t A, t > 0 


v„ = 120 - 7.5i c = 120e -3 * V, t > 0 + 

1 A 40 40 

R — - [ 120e~ 3x dx = - e~ 3t A, t > 0 

3 Jo 3 3 

8 8 n-L 

*2 = - *1 = - --e A, t> 0 

[b] i o (0) = ii(0) = i 2 (0) = 0, consistent with initial conditions. 
n o (0 + ) = 120 V, consistent with i o (0) = 0. 

dR , 

v 0 = 3- 1 = 120e- 3t V, f>0 + 

dt 

or 

dx 2 a- 

v Q = 15 -^ = 120e _3t V, t > 0 + 
dt 

The voltage solution is consistent with the current solutions. 

Aq = 3ii = 40 — 40e~ 3 * Wb-tums 

A 2 = 15i 2 = 40 — 40e“ 3i Wb-turns 

.'. Ai = A 2 as it must, since 
dXi d\ 2 

0 dt dt 

Ai(oo) = A 2 (oo) = 40 Wb-turns 



Problems 7-59 


P 7.66 


Ai(oo) = 3ii(oo) = 3(40/3) = 40 Wb-turns 
A 2 (oo) = 15i 2 (oo) = 15(8/3) = 40 Wb-tums 

ii(oo) and i 2 (oo) are consistent with Ai(oo) and A 2 (oo). 

[a] From Example 7.10, 

hL 2 - M 2 _ 50 - 25 
eq L 1 + L 2 + 2M 15 + 10 


R 20’ 


= 20 


T 

i Q (t) = 4 - 4e~ 20t A, 


t > 0 


[b] v Q = 80 - 20/ o = 80 - 80 + 80e" 2Ut = 80e" 2Ut V 

di i di 2 on , 

[c] v D = 5—-5— = 80e 20t V 

dt dt 

i 0 ~i i + *2 

^ ^ ^ = 80e- 2W A/s 

dt dt dt 


di 2 

dt 


= 80e 


—204 


di i 
dt 


80e _20i = 5*' - 400e _20< 


dt 

10^ = 480e" 2W ; 
dt 


f dx = [ 48e 20j/ dy 
Jo Jo 


+ 5 


di i 
dt 


dii = 48e 202 dt 


ii = 


48 

A2o' 


,- 20 ?; 


= 2.4 - 2.4e 


—204 


0 


A, 


t > 0 


[d] i 2 = i 0 -i 1 = 4- 4e~ m - 2.4 + 2.4e -20t 
= 1.6 - 1.6e“ 20t A, t>0 


t > 0+ 


[e] i 0 ( 0) = *i(0) = i 2 (0) = 0, consistent with zero initial stored energy. 

di Q 


v Q = L eq ^ = l(80)e 20t = 80e 2M V, t > 0 + (checks) 
Also, 


,di\ 


,di 2 


v 0 = 5—+ - 5—+ = 80e 


-204 


dt 


dt 


V, 


t > 0 + (checks) 
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v Q = 10— — 5— = 80e 20t V, t > 0 + (checks) 
dt dt ~ 

n o (0 + ) = 80 V, which agrees with * o (0 + ) = 0 A 

i 0 ( oo) = 4 A; i 0 (oo)L eq = (4)(1) = 4 Wb-turns 

ii(oo)Li + * 2 (oo)M = (2.4)(5) + (1.6)(—5) =4Wb-tums (ok) 

i 2 (oo)L 2 + i\(po)M = (1.6)(10) + (2.4)(—5) = 4 Wb-turns (ok) 

Therefore, the final values of i 0 , *i, and i 2 are consistent with conservation of 
flux linkage. Hence, the answers make sense in terms of known circuit 
behavior. 

P 7.67 [a] L eq = 5 + 10 - 2.5(2) = 10 H 

_ L _ 10 _ 1 . 1 _ | 

T ~ R~ 40~ 4’ r~ 

i = 2 - 2e" 4i A, t> 0 

[b] Vl (t) = 5^ - 2.5^ = 2.5y = 2.5(8e~ 4t ) = 20e~ 4t V, t > 0 + 

LLL LLL LLL 

[c] v 2 (t) = 10— - 2.5— = 7.5— = 7.5(8e _4t ) = 60e" 4t V, t > 0 + 

dt dt dt 

[d] i(0) =2 — 2 = 0, which agrees with initial conditions. 

80 = 40*i + V! + v 2 = 40(2 - 2e -4 *) + 20e" 4t + 60e" 4t = 80 V 

Therefore, Kirchhoff’s voltage law is satisfied for all values of t > 0. Thus, the 
answers make sense in terms of known circuit behavior. 

P 7.68 [a] L eq = 5 + 10 + 2.5(2) = 20 H 

L _ 20 _ i 1 _ 

T _ i? _ 40 _ 2’ r~ 

i = 2 — 2e~ 2t A, t> 0 

[b] Vl (t) = 5— + 2.5— = 7.5— = 7.5(4e _2t ) = 30e~ 2t V, t > 0+ 

dt dt dt 

[c] v 2 (t) = 10^ + 2.5^ = 12.5^ = 12.5(4e _2t ) = 50e" 2t V, t > 0 + 

w dt dt dt y J ~ 

[d] *(0) = 0, which agrees with initial conditions. 

80 = 40*i + Vi + v 2 = 40(2 - 2e~ 2t ) + 30e" 2t + 50e~ 2t = 80 V 


Therefore, Kirchhoff’s voltage law is satisfied for all values of t > 0. Thus, the 
answers make sense in terms of known circuit behavior. 



Problems 7-61 


P 7.69 


P 7.70 


Use voltage division to find the initial voltage: 


f o (0) = 


60 


.(50) = 30 V 


40 + 60 

Use Ohm’s law to find the final value of voltage: 

v 0 (oo) = (-5mA)(20kO) = -100 V 

r = RC = (20 x 10 3 )(250 x 10" 9 ) = 5ms; - = 200 

T 

v 0 = v a (oo) + [n o (0 + ) - v 0 (oo)\e~ t/r 

= -100 + (30 + 100)e _200< = -100 + 130e" 200i V, t> 0 
[a] t < 0: 



Using Ohm’s law, 
800 


h = 


= 12.5 A 


40 + 601|40 
Using current division, 

60 

i(0~) =-(12.5) = 7.5 A = i(0 + ) 

V ; 60 + 40 V K ’ 

[b] 0 < t < 1 ms: 

i = i(0 + )e~ t/T = 7.5e~ t/T 
1 R 40 + 1201160 

- = - =-V- = 1000 

r L 80 x 10 -3 
i = 7.5e" 1000t 

i( 200 jus) = 7.5 e ~io 3 (2ooxio-6) = 75e -o.2 = 614A 
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[c] i(lms) = 7.5e _1 = 2.7591 A 
1 ms < t < oo 



t = L = 80 x 10- 3 = 500 
i = i( lms)e- (( - lms)/T = 2.7591e- 500(t - a001) A 
i(6ms) = 2.7591e" 500(a005) = 2.7591e" 2 ' 5 = 226.48 mA 

[d] 0 < t < 1ms: 

i = 7.5e _1000t 

v = Lj t = (80 x 10 -3 )(—1000)(7.5e _1000t ) = -600e- looot V 

u(l"ms) = —600e -1 = -220.73 V 

[e] 1 ms < t < oo: 

i = 2.7591e" 500(t " a001) 

v = Lj t = (80 x 10 -3 ) (—500) (2.591e _500 ^ _0 ' 001) ) 

= —110 4 e _50 °( t_0 - 001 ) y 


v(l + ms) = —110.4V 

P 7.71 Note that for t > 0, v Q = (4/6)u c , where v c is the voltage across the 0.5 pF 
capacitor. Thus we will find v c first. 

t < 0 

lOkQ 2kQ 

-Wv- m -•- 

+ 

75 VQ v c %3kQ 

-*- 


f c (0) 


T(-75) = -15V 




Problems 7-63 


0 < t < 800 /is: 

2kQ 



r = (2 x 10 3 )(0.5 x 10" 6 ) = lms, - = 1000 

T 

v c = -15e" 1000< V, t>0 

v c (800/is) = —15e -0 ' 8 = -6.74 V 



r = (6 x 10 3 )(0.5 x 10" 6 ) = 3ms, 


- = 333.33 
r 


_ _g ^ e -333.33(t-800xl0^ 6 ) y 


1.1 ms < t < oo: 

2kQ 



r = 1 ms, - = 1000 

T 

u c (l.lms) = —6.74e _333,33(1100_800)10_6 = -6.74e" ai = -6.1V 
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Vc = _ 6 .l e -iooo(t-i.ixio-3) v 

u c (1.5ms) = —6.1e“ 1000(1 ' 5_1 ' 1)10_3 = -6.1e~ 0 ' 4 = -4.09 V 
v 0 = (4/6) (-4.09) = -2.73 V 

P 7.72 w(0) = ^(0.5 x 10“ 6 )(—15) 2 = 56.25 pJ 

0 < t < 800 jus: 

v c = — 15e -1000t ; v\ = 225e" 2000t 

p 3k = 75e~ 2000t mW 


w 3k 


r800x 10 -6 


75 x 10- 3 e- 2000t 


dt 


75 x 10" 3 


e -2000t 

-2000 


800xl0~ 6 

0 


-37.5 x 10 -6 (e -1 ' 6 - 1) = 29.93 pS 


1.1 ms < t < oo: 

V c = — 6 X g—1000(t—l.lxlO -3 ) v . v 2 = 37J9e -2000(i-l.lxl0-3) 

p 3k = 12.4e- 2000(t " 1 - lxl0 ' 3) mW 


w 3k = 


l.lXlO " 3 


12.4 x 10“ 3 e —2000( ' t—l lx 10_3 - ) c/t 


= 12.4 x 10" 3 


e -2000(t-l.1x10-3) 


-2000 


= -6.2 x 10~ 6 (0 - 1) = 6.2/iJ 


w 3k = 29.93 + 6.2 = 36.13 pi 

%= tS (ioo)=6423% 


l.lXlO-3 



Problems 7-65 


P 7.73 For t < 0: 


<( 0 ) 


5Q 



0 < t < 10 ms: 


5Q 



5 0mH 


i = 10e _100i A 
i(10ms) = 10e _1 = 3.68 A 
10 ms < t < 20 ms: 


5Q 





1 _ R _ 4 

r “ L ~ 50 x 10~ 3 


= 80 


i = 3.68e _80(t_0 ' 01) A 


20 ms < t < oo: 


i(20ms) = 3.68e -80(0 ' 02-0 ' 01) = 1.65 A 





7-66 CHAPTER 7. Response of First-Order RL and RC Circuits 

i = 1.65e -100(t-0 ' 02) A 
di 

v 0 = L—; L = 50mH 
dt 

- = 1.65(—100)e _100 ^ _0 '° 2 - ) = -leSe" 100 ^- 0 - 02 ) 
dt 

v 0 = (50 x 10" 3 )(—165)e" 100( *" a02) 

= —8.26e _100(t_0 ' 02) V, t > 20+ ms 
v 0 (25ms) = —8.26e _100(0 ' 025_0 ' 02) = -5V 

P 7.74 From the solution to Problem 7.73, the initial energy is 

w(0) = ^(50 mH)(10 A) 2 = 2.5J 
0.04u?(0) = 0.1 J 

.'. ^(50 x 10- 3 )i| = 0.1 so i L = 2A 

Again, from the solution to Problem 7.73, t must be between 10 ms and 20 ms since 
7(10 ms) = 3.68 A and i(20ms) = 1.65 A 
For 10 ms < t < 20 ms: 
i = 3.68e _80(t_0 ' 01) = 2 

e 8°(t-o.oi) = SQ f _ o oi = 0.0076 .'. t = 17.6ms 

P 7.75 0 < t < 10yus: 



r = RC = (4 x 10 3 )(20 x 10" 9 ) = 80 /xs; 1/r = 12,500 




Problems 7-67 


©0) = 0 V; ©oo) = 
v 0 = -20 + 20e~ 12,5OOt V 
10 /is < t < oo: 

5mA© 4kQ$ 



©oo) = (-2.5 x 10 _3 )(16,000) + 30 = -10 V 
©10/© = -20 + 20 -0 ' 125 = -2.35 V 
v 0 = -10 + (-2.35 + lO) e - (t - 10xl(r6)/T 
R Th = 4 kO|| 16 kV2 = 3.2 kll 
r = (3200)(20 x 10~ 9 ) = 64/is; 1/r = 15,625 
v 0 = -10 + 7.65e _15 ’ 625( ' t_ 10x10 6) 10 /as < t < oo 

Pi :76 0 < t < 200/xs; 

60kQ 

40kQ 



-20 V 

0 < t < 10 /is 



R e = 150II100 = 60 k© 


r = (y x 10~ 9 ) (60,000) = 200 /is 
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v c = 300e" 5 ° oot V 
v c (200/is) = 300e -1 = 110.36 V 
200 /is < t < oo: 


-io 


u 

; 30kQ i 

+ R 

-^311 

: 110 .3 6 V 


1 

;120kQ i 




60kQ 


40kQ 


R e = 30||60 + 120||40 = 20 + 30 = 50 kfl 
r = (y x 10~ 9 ) (50,000) = 166.67/is; - = 6000 


v c = HO.See" 6000 ^" 200 ^ V 
v c (300/is) = 110.36e- 6000(100/iS) = 60.57 V 


, « 60.57 

50^00 = LM ” A 


60 


40 


l\ = - l n = — %n\ = - %n = “ %r, 

1 go o 3 o, 2 160 o 4 o 


2.1. 5 . 5 

4w R R 3 *o 4^° i2^° 12 (1-21 x 10 ) 


.77 t < 0: 



0.50 mA 


v c (0~) = (20 x 10 _3 )(500) = 10V = v c (0 + ) 




Problems 7-69 


0 < t < 50 ms: 



r — oo; 1/r = 0; v 0 = lOe 0 = 10 V 
50 ms < t < oo: 



r = (6.25k)(0.16 ft) = lms; 1/r = 1000; v a = 10e” 1000(t " a05) V 

Summary: 

v a — 10 V, 0 < t < 50 ms 

v 0 = 10e _1000(t ” a05) V, 50 ms < t < oo 



i L ( 0") = 10V/5Q = 2 A = i L (0 + ) 
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VI.19 


0 < t < 5: 



r = 5/0 = oo 

i L (t) = 2 e~ t/co = 2e~° = 2 

ir(t ) = 2 A, 0 < t < 5 s 


5 < t < oo: 



5H 


r — - — 5s; 1/r = 0.2 

1 ' 

i L {t) = 2e _0 ' 2(t_5) A, t > 5 s 


[a] 0 < t < 2.5 ms 

Uo (0 + ) = 80V; v 0 (oo) — 0 
L 

t = — = 2 ms; 1/r = 500 

it 

Vo (t) = 80e~ 5OOt V, 0+ < t < 2.5 ms 

v 0 (2.5"ms) = 80e -1 - 25 = 22.92 V 

, . (80 - 22.92) 

i 0 (2.5"ms) = --—-- = 2.85 A 

r 0 (2.5 + ms) = -20(2.85) = -57.08 V 


v 0 (cxd) = 0; r = 2ms; 1/r = 500 
Vo = _57.08e" 500( * _a0025) V 2.5 + ms ; 



Problems 1-11 




.'. t < 0 : v 0 = 0 

0+ < t < 75" /is : v a = 50e- 8000t V 

75+ fis < t < oo : v 0 = _22.56e- 800 °( t - 75 ^ 

[b] u 0 (75 _ /is) = 50e -0 ' 6 = 27.44 V 

v 0 (75 + /is) = -22.56 V 

[c] i 0 (75~/is) = i 0 (75 + yus) = 11.28 mA 
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P 7.81 [a] 0 < t < 1 ms: 

v c (0 + ) = 0; v c (oo) = 50 V; 

RC = 400 x 10 3 (0.01 x 10" 6 ) = 4ms; 1/RC = 250 
v c = 50 - 50e _250t 

v 0 = 50 - 50 + 50e _250t = 50e“ 25Ot V, 0 < t < 1 ms 
1 ms < t < oo: 

v c {l ms) = 50 - 50e -0 ' 25 = 11.06 V 
v c (oo) = 0 V 
r = 4 ms; 1/r = 250 
v c = 11.06e -250(t-0 ' 001) V 

v 0 = -v c = —11.06e _250(t _0 ' 001) V, lms < t < oo 



P 7.82 [a] t < 0; v 0 — 0 

0 < t < 4 ms: 

r = (200 x 10 3 )(0.025 x 10" 6 ) = 5ms; 1/r = 200 
v 0 = 100 - 100e _2 ° ot V, 0 < t < 4 ms 
r 0 (4ms) = 100(1 - e" a8 ) = 55.07 V 
4ms < t < 8ms: 

v 0 = -100 + 155.07e" 200(t " a004) V 

v 0 (8 ms) = -100 + 155.07e -0 ' 8 = -30.32 V 

8 ms < t < oo: 

Vo = -30.32e" 200(t_a008) V 



Problems 



[c] t < 0 : v Q — 0 

0 < t < 4 ms: 

r = (50 x 10 3 )(0.025 x 10" 6 ) = 1.25ms 1/r = 800 

v 0 = 100 - 100e" 800t V, 0 < t < 4 ms 
v 0 (4ms) = 100 - 100e -3 ' 2 = 95.92 V 
4ms < t < 8 ms: 

v 0 = -100 + 195.92e" 800(t " 0 004) V, 4 ms < t < 8 ms 
v 0 (8 ms) = -100 + 195.92e -3 ' 2 = -92.01V 
8 ms < t < oo: 

v a = _92.01e" 800( ^ a008) V, 8 ms < t < oo 
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P 7.83 [a] r = RC = (20,000)(0.2 x 10” 6 ) = 4 ms; 1/r = 250 

io = v 0 = 0 t < 0 

( 1G \ 

—J=16mA, io(oo) = 0 

.'. i 0 = 16e -250 * mA 0 + <t<2~ms 

ii&ko = 20 — 16e _250i mA 

.'. = 320 - 256e" 250< V 0 + < t < 2” ms 

v c = Vo - 4 x 10 3 i o = 320 - 320e _250t V 0 < t < 2 ms 

v c (2ms) = 320 - 320e -0 ' 5 = 125.91 V 

.-. i c (2 + ms) = 16e -0 ' 5 = 9.7mA 

* 0 (oo) = 0 

v c = 125.91e _250(t_0 ' 002) , 2+ ms < t < oo 

i 0 = C ^ = (0.2 x 10~ 6 )(—250)(125.91)e _250(t_0 ' 002) 

= _6.3e _250 ^ _0 ' 002) mA, 2 + ms < t < oo 
v 0 = 4000i o + v c = 100.73e" 25O(t - a ° O2) V 2 + ms < t < 

Summary part (a) 

i 0 — 0 t < 0 

i Q = 16e _250t mA (0 + < t < 2“ ms) 

i 0 = —6.3e _250( * ”°' 002) mA 2 + ms < t < oo 

v 0 — 0 t < 0 

u 0 = 320 - 256e“ 25W V, 0 < t < 2“ ms 
v Q = 100.73e _250(t " a002) V, 2 + ms < t < oo 
[b] i o (0“) = 0 

i o (0 + ) = 16 mA 

i 0 (2”ms) = 16e -0 ' 5 = 9.7 mA 

i 0 (2 + ms) = —6.3 mA 


oo 



Problems 7-75 


P 7.84 


[c] n o (0“) = 0 

r- o (0+) = 64 V 

v 0 {2~ ms) = 320 - 256e" 0 ' 5 = 164.73 V 
v 0 (2 + ms) = 100.73 



vo(V) 



Using Ohm’s law, 
vt = 5000 i a 


Using current division, 


20,000 

20,000 + 5000 


(j'T + Pi<r) 


0.8 It + 0.8 (3i a 
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Solve for i c \ 
v(l - 0.8/9) = 0.8i T 
0.8iT 

; VT = 5000! " 


4000ij' 
(1-0.8/9) 


Find f3 such that i?Th = — 5kf2: 


p _ v t _ 
R Th — — — 


4000 


%T 1 ■ 

1 — 0.8/9 = -04 


0.8/9 


= -5000 


P = 2.25 


[b] Find 1/ Th ; 

5kQ 



Write a KCL equation at the top node: 

2.25C = 0 


Vrh — 40 Vrh 


5000 20,000 

The constraint equation is: 

. (^rh - 40) 

V 5000 
Solving, 

V Th = 50 V 


= 0 


-5kQ 

-VA- 

—>i 

5 0V(t) \ 2 0 0mH 

Write a KVL equation around the loop: 

50 = —5000i + 0.2^ 
at 

Rearranging: 

,h 250 - 25,000i = 25,000(9 + 0.01) 



Problems 7-77 


P 7.85 


Separate the variables and integrate to find i; 

di 

i + 0.01 
f l dx 


= 25,000 dt 


= [ 25,000 dx 
Jo 


Jo x + 0.01 

i = -10 + 10e 25 ’ 000i mA 

y = (10 x 10~ 3 )(25,000)e 25 ’ ooot = 250e 25 ’ ooot 

ILL 

Solve for the arc time: 

di 

) _ 

dt 

In 900 


v = 0.2— = 50e 25,ooot = 45,000; e 25 ’ 000t = 900 


t = 


25,000 


= 45,000; e‘ 
= 272.1 yus 


Find the Thevenin equivalent with respect to the terminals of the capacitor. 
R Th calculation: 


lkQ 



4kQ 


Vt Vt . Vt 
It = - 4: 


2000 5000 


5000 


it 

Vt 


5 + 2 — < 

10,000 


10,000 


Vt 

It 


10,000 


= -10 


Open circuit voltage calculation: 


lkQ 
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The node voltage equations: 

^oc . ^oc 1 


2000 + 1000 


4z a = 0 


vi - v oc Vi 


1000 4000 


5 x 10~ 3 = 0 


The constraint equation: 

Vi 


= 


4000 


Solving, v oc = —80 V, v\ = —60 V 


-lOkQ 


1.6|iF =p 



8 0V 


n c (0) = 0; v c (oo ) = —80 V 

T = RC = (—10,000)(1.6 x 10" 6 ) = -16ms; - = -62.5 

T 

v c = v c (oo ) + [n c (0 + ) — n c (oo)]e _< / r = —80 + 80e 62 ' 5f = 14,400 


Solve for the time of the maximum voltage rating: 

e 62 ' 5 1 = 181; 62.5 1 = in 181; t = 83.18 ms 


.86 



4kQ 


vt = 2000 %t + 4000 [%t — 2 x 10 3 n^) = 6000^ — 8i^ 
= 6000i T - 8(2000i T ) 



Problems 7-79 


— = - 10,000 

i T 



-lOkQ 


10 

- 10,000 


—1 ms; 


1/r = -1000 


i = 25e 1000< mA 

25e 1000t x 10" 3 = 5; 


In 200 
1000 


5.3ms 


P 7.87 t> 0: 



vt — 12 x 10 4 ?'a + 16 x 10 3 iT 




20 

100 


It — — 0 .21t 


Vt — —24 x lO^j 1 + 16 x lO 3 ^ 


R Th = -l = skn 
it 

t = RC = (—8 x 10 3 )(2.5 x 10" 6 ) = -0.02 1/r = -50 


v c = 20e 50t V; 20e 50 * = 20,000 


50 1 = In 1000 


t = 138.16 ms 
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P 7.88 [a] 



r = (25)(2) x 10~ 3 = 50 ms; 1/r = 20 
r c (0+) = 80V; v c (oo) — 0 
Vc = 80e~ m V 

.7 80e _20t = 5; e 20t = 16; t = ^ = 138.63 ms 

[b] 0+ < t < 138.63 ms: 

i = (2 x 10 _6 )(—1600e _20< ) = -3.2e" 2W mA 
138.63 + ms < t < oo: 

4kQ 



r = (2)(4) x 10' 3 = 8ms; 1/r = 125 
r c (138.63+ ms) = 5 V; v c (oo) = 80 V 
v c = 80 - 75e- 125 0-°- 13863 ) V, 138.63+ ms < t < oo 

i = 2 x 10“ 6 (9375)e“ 125{t ~ 0 13863) 

= i8.75e" 125(t " ai3863) mA, 138.63+ ms < t < oo 

[c] 80 - 75e _125At = 0.85(80) = 68 
80 - 68 = 75e _125Ai = 12 

e 125A< = 6.25; At = = 14.66 ms 

12.5 

P 7.89 Use voltage division to find the voltage at the non-inverting terminal: 


80 

Vp= — (-45) = -36 V = v, 

p inn'' ' 





Problems 7-81 


P 7.90 


Write a KCL equation at the inverting terminal: 


-36 - 14 
80,000 


+ 2.5 x 10" 6 —(-36-0 =0 

Uib 


d 


2.5xl0- 6 += “ 50 


dt 80,000 
Separate the variables and integrate: 

dv a 


dt 


= -250 


dv a = —250 dt 


rv 0 (t) ft 

/ dx = —250 / dy .'. v a (t) — u o (0) = 
Jvo(0) Jo 


-250 1 


v o (0) = -36 + 56 = 20 V 
v 0 (t) = —250 1 + 20 

Find the time when the voltage reaches 0: 

0 = —250f + 20 


20 

(= 250 = 80mS 


The equation for an integrating amplifier: 

1 P, 


V n = 


(v h - v a ) dy + n o (0) 


RC Jo 

Find the values and substitute them into the equation: 

RC = (100 x 10 3 )(0.05 x 10~ 6 ) = 5ms 

1 = 200; v h -v a = -15 - (-7) = -8 V 


RC 


i, o (0) = -4 + 12 = 8V 

v Q = 200 [ — 8 dx + 8 = (—1600t + 8) V, 0 < t < t sat 
Jo 

RC circuit analysis for n 2 : 

v 2 (0+) = -4V; v 2 (oo) = —15 V; r = RC = (100k) (0.05 y) = 5ms 
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P 7.91 


P 7.92 


P 7.93 


v 2 = v 2 (oo) + [n 2 (0 + ) - n 2 (oo)]e </r 

= -15 + (-4 + 15)e _200i = -15 + lle _200t V, 0 < t < t sat 
Vf + v 2 = v 0 .'. Vf = v 0 — v 2 = 23 — 1600t — lle~ 200i V, 0 < t < t sat 


Note that 


— 1600t sat + 8 = -20 


f sa.1 


-1600 


= 17.5 ms 


so the op amp operates in its linear region until it saturates at 17.5 ms. 


1 


Vo = 


R( 0.5 x lO" 6 ) Jo 


4 dx + 0 = 


-At 


R( 0.5 x 10” 6 ) 


-4(15 x 10" 3 ) 
i?(0.5 x lO" 6 ) 


= -10 


R= - 4 ( 15X1 °' 3 > = 12 kO 
-10(0.5 x 10~ 6 ) 


—At r -4(40 x 10~ 3 ) „ 

V 0 — ——-—— h 6 — -——h 6 — —10 

R( 0.5 x 10“ 6 ) #(0.5 x 10“ 6 ) 


-4(40 x!0-») 
-16(0.5 x 10~ 6 ) 


[a] 


Cdv P , v p -v h __ . ^ 


dt 


+ 


R 


, r d V P 1 
= 0; therefore — + -p^v v = 


dt RC RC 


Vn - V a + c d(v n - n Q ) _ Q 


i? dt 

dv 0 dv n v n v a 

therefore —— = —-—h 


dt dt RC RC 


But v n = v p 


dv n , v n dv p v p _ v h 


Therefore —— + —— = -J- + 


dt RC dt RC RC 


Therefore 


d/v 0 1 
dt RC 


(v b - v a )] v ° = J \c jo _ V ^ dy 


[b] The output is the integral of the difference between Vb and v a and then scaled by 
a factor of 1 / RC. 




Problems 7-83 


[c] Vo = ^ (Vb - Ua) dx 

RC = (50 x 10 3 )(10 x 10~ 9 ) = 0.5ms 
Vb ~ v a = —25 mV 

v D = - / —25 x 10 ~ 3 dx = —501 

0.0005 Jo 

—501 sat = —6; l sa t = 120 ms 

P 7.94 [a] RC = (25 x 10 3 )(0.4 x 10" 6 ) = 10ms; 1 = 100 

RG 

v a — 0, 1 < 0 

[b] 0 < t < 250 ms : 

u 0 = -100 [* -0.20 dx = 20IV 

Jo 

[c] 250 ms < 1 < 500 ms; 

v o (0.25) = 20(0.25) = 5V 

vJt) = -100 [* 0.20 dx + 5 = -20(1 - 0.25) + 5 = -201 + 10 V 

J0.25 

[d] 500 ms < 1 < oo : 

u o (0.5) = -10 + 10 = 0V 
v a (t) = OV 
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P 7.95 [a] v 0 — 0, t < 0 

RC = (25 x 10 3 )(0.4 x 10" 6 ) = 10ms -^- = 100 

itC 

[b] R f Cf = (5 x 10 6 )(0.4 x 10~ 6 ) = 2; — * l — = 0.5 

R f c f 

—5 x i n 6 

I’o = —- (-0.2) [1 - e~ 0M ] = 40(1 - e ~ 0M ) V, 0 < t < 250 ms 

Zo X J_U' 

[c] v o (0.25) = 40(1 - e” 0 - 125 ) ^ 4.70 V 


~Vm R f V m Rf 


— 0.125 \— 0 . 5 ( 4 — 0 . 25 ) 


(2 - e _ i25 )e 


= —40 + 40(2 — e -°- 125 ) e -°- 5 P- 0 - 25 ) 

= -40 + 44.70e" a5(t " a25) V, 250 ms < t < 500 ms 

[d] v o (0.5) = -40 + 44.70e -0 ' 125 = -0.55 V 

v 0 = —0.55e _o ' 5(t_o ' 5) V, 500 ms < t < oo 



P 7.96 [a] RC = (1000)(800 x 10~ 12 ) = 800 x 10" 9 ; = 1,250,000 

RG 

0 < t < 1/xs: 

Vg — 2 x 10 6 t 

Vo = -1.25 x 10 6 T 2 x 10 6 a: dx + 0 
Jo 

X 2 4 

= —2.5 x 10 12 — =-125 x 10 10 t 2 V, 0 < t < 1 ps 
2 o 



Problems 7-85 


Vo(l/xs) = -125 x 10 10 (1 x 10" 6 ) 2 = -1.25 V 
1/xs < t < 3/is: 
v g = 4 - 2 x 10 6 t 

v 0 = -125 x 10 4 (4 - 2 x 10V) dx - 1.25 

Jlxl0~ 6 

t j»2 t 

= -125 x 10 4 Ax -2 x 10 6 — - 1.25 

1x10-6 2 lxl0-6_ 

= -5 x 10 6 t + 5 + 125 x 10 10 t 2 - 1.25 - 1.25 
= 125 x 10 10 f 2 - 5 x 10 6 t + 2.5 V, 1 fjs < t < 3 fjs 

v 0 (3 fis) = 125 x 10 10 (3 x 10” 6 ) 2 - 5 x 10 6 (3 x 10" 6 ) + 2.5 
= -1.25 

3/iS < t < 4/is: 
v g = — 8 + 2 x 10 6 t 

v 0 = -125 x 10 4 T (-8 + 2 x 10 6 x) dx - 1.25 

J 3xl0“ 6 

t ySl t 

= -125 x 10 4 -8x +2 x 10 6 — - 1.25 

3x10-6 2 3x10-6 

= 10 7 t - 30 - 125 x 10 10 t 2 + 11.25 - 1.25 
= -125 x 10 10 t 2 + 10 7 t - 20 V, 3 /is < t < 4 

v 0 (A/rs) = -125 x 10 10 (4 x 10~ 6 ) 2 + 10 7 (4 x 10" 6 ) - 20 = 0 

[b] 



[c] The output voltage will also repeat. This follows from the observation that at 
t — 4 /rs the output voltage is zero, hence there is no energy stored in the 
capacitor. This means the circuit is in the same state at t = 4 /is as it was at 
t = 0, thus as v g repeats itself, so will v Q . 
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P 7.97 [a] While T 2 has been ON, C 2 is charged to Vcc , positive on the left terminal. At 

the instant T\ turns ON the capacitor C 2 is connected across b 2 — e 2 , thus 
v he2 = —Vcc- This negative voltage snaps T 2 OFF. Now the polarity of the 
voltage on C 2 starts to reverse, that is, the right-hand terminal of 6' 2 starts to 
charge toward +Vcc- At the same time, C\ is charging toward Vcc, positive 
on the right. At the instant the charge on C 2 reaches zero, u be 2 is zero, T 2 turns 
ON. This makes u be i = —Vcc and T\ snaps OFF. Now the capacitors C\ and 
C 2 start to charge with the polarities to turn T\ ON and T 2 OFF. This switching 
action repeats itself over and over as long as the circuit is energized. At the 
instant T\ turns ON, the voltage controlling the state of T 2 is governed by the 
following circuit: 



It follows that Vbe 2 = Vcc ~ 2 Vcce t ^ R2 ° 2 . 

[b] While T 2 is OFF and 7\ is ON, the output voltage v ce2 is the same as the voltage 
across C \, thus 



It follows that v ce2 = Vcc ~ V C c e t / RhCl . 

[c] T 2 will be OFF until v he2 reaches zero. As soon as v he2 is zero, i h2 will become 

positive and turn T 2 ON. n be 2 = 0 when Vcc ~ 2Vcce~ t ^ R2C2 = 0, or when 
t = R 2 C 2 In 2. 

[d] When t = R 2 C- 2 In 2, we have 

Voe 2 = Vcc - V cc e- [{R2C2 1ii2)/(RlCi) 1 = - Vcce- 10 ln2 = V cc 

[e] Before T\ turns ON, i\^\ is zero. At the mstunt T\ turns ON, we hnve 



Problems 


7-87 


P 7.98 



, - Y™. + Y^r-t/R^C! 

bl — R ' D e 

-/tl Kl 

[f] At the instant T 2 turns back ON, t = R 2 C 2 In 2; therefore 

Vcc . Vcc —10 In 2 rsj Vco 

bl = ~R~ + = 

ill Kl -rtl 

When T 2 turns OFF, ibi drops to zero instantaneously. 

[g] 


[h] 




[a] f 0 FF2 = R-iC 2 In 2 = 14.43 x 10 3 (1 x 10" 9 ) In 2 = 10/xs 

[b] toN 2 = R\C\ In 2 = 10 /is 

[c] foFFi = R\C\ In 2 = 10/is 

[d] toNi = R 2 C 2 In 2 = 10 /is 


[e] ibi 


ffl *bi 


10 10 
1000 + 14,430 
10 10 
14,430 + 1000 e 


= 10.69 mA 
- 10 ^ 0.693 mA 
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VI.99 


P 7.100 


P 7.101 


P 7.102 


[g] Vce2 = 10-10e- 10 ^10V 

[a] t 0 FF2 = R2C2 In 2 = (14.43 x 10 3 )(0.8 x 10~ 9 ) In 2 = 8/is 

[b] toN 2 = R 1 C 1 In 2 == 10 /is 

[c] toFFi = R1C1 In 2 = 10/is 

[d] toNi = R2C2 In 2 = 8/iS 

[e] ibi = 10.69 mA 

[f] 4,1 = ---1-—e -8 = 0.693 mA 

14,430 1000 

[g] n ce 2 = 10 — 10e -8 = 10 V 

Note in this circuit T 2 is OFF 8 /is and ON 10 /i s of every cycle, whereas T\ is 
ON 8 /is and OFF 10 ps every cycle. 

If R 1 = R 2 = 50R l = 100 kO, then 


C, = 48 X 1( j = 692.49 pF; 

1 100 x 10 3 In 2 F ’ 


C 2 = 36 X 14 6 = 519.37 pF 

100 x 10 3 In 2 F 


If R 1 = R 2 = 6Rl = 12 kfl, then 


48 x 10" 6 

Ci =---= 5.77 nF; 

12 x 10 3 In 2 


36 x 10” 6 

C 2 =-,-= 4.33 nF 

12 x 10 3 In 2 


Therefore 692.49pF < C x < 5.77nF and 519.37pF < C 2 < 4.33nF 


[a] T 2 is normally ON since its base current /' b2 is greater than zero, i.e., 

i b 2 = Vcc/R when T 2 is ON. When T 2 is ON, v ce2 = 0, therefore i b i = 0. 
When ibi = 0, Ti is OFF. When 7\ is OFF and T 2 is ON, the capacitor C is 
charged to Vcci positive at the left terminal. This is a stable state; there is 
nothing to disturb this condition if the circuit is left to itself. 

[b] When S is closed momentarily, n be 2 is changed to —Vcc an d T-> snaps OFF. The 

instant T 2 turns OFF, v ce2 jumps to V C cR\/(R] + Rl) and i bl jumps to 
Vcc/(Ri + Rl), which turns Tj ON. 

[c] As soon as T\ turns ON, the charge on C starts to reverse polarity. Since n be2 is 

the same as the voltage across C, it starts to increase from — Vcc toward 
+Vcc- However, T 2 turns ON as soon as n be2 = 0. The equation for n be2 is 
n be 2 = Vcc ~ 2Vcce~ t / RC ■ n be 2 = 0 when t = RC In 2, therefore T 2 stays 
OFF for RC In 2 seconds. 


[a] For t <c 0, Vce 2 — 0* ^Vhcn the switch is momentarily closed, v ce 2 jumps to 


^ce2 


Vcc \ p _ 6(5) 
R± + Rl/ 25 


1.2 V 



Problems 7-89 


T -2 remains open for (23,083) (250) x 10 12 In 2 = 4 /is. 



0 2 4 6 8 10 


t(us) 




0 2 4 6 8 10 


t(us) 


P 7.103 [a] We want the lamp to be in its nonconducting state for no more than 10 s, the 
value of t Q : 

1 — 6 

10 = mo x 10" 6 ) In- and R — 1.091 MQ 

4 — 6 

[b] When the lamp is conducting 


Vrh — 


20 x 10 3 

20 x 10 3 + 1.091 x 10 6 


(6) = 0.108 V 


R Th = 20 k| 11.091 M = 19,640 
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So, 

(tc - Q = (19,640)(10 x 10~ 6 ) In * ~ ^ = 0.289 s 
The flash lasts for 0.289 s. 


P 7.104 [a] Att = 0wehave 


800kQ 

Ah ft _ 



+ + 


5V v. 


r = (800)(25) x 10" 3 = 20 sec; 1/r = 0.05 
n c (oo) = 40 V; Vc (0)=5V 
v c = 40 - 35e _0 ' 05f V, 0 < t < t Q 
40 - 35e _0 ' 05<o = 15; .'. e omt ° = 1.4 

t Q = 20 In 1.4 s = 6.73 s 


At t 


t 0 we have 

800kQ 



—VA- 





+ 

+ 

b 

25]IF : 

: 15V 




— 

— 


lOkQ 


The Thevenin equivalent with respect to the capacitor is 

(800/81)Q 


40(10) 
810 



r = 



1 

r 


81 

20 


4.05 


v c {t 0 ) = 15 V; 


v c (oo) 


81 


V c it ) 




e —4.05(i—1 0 ) y 



11^5 - 4.05 (t-t 0 ) 
81 


40 


1175 

e 


4.05 (t—1 0 ) 


5 


81 81 
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1175 

~8T ( 


-4.05 (t-t 0 ) _ 


365 

~8lT 


+•05 (t—t 0 ) _ jj; 1 ' J _ o 

365 


f - to - 


4.05 


In 3.22 = 0.29 s 


One cycle = 7.02 seconds. 

N = 60/7.02 = 8.55 flashes per minute 
[b] At t = 0 we have 


71 R (kQ) 

-va- 

/ + + 

40V(t) 25p.F T 5V v c 


r = 25 R x 10” 3 ; 1/r = 40/7? 

v c = 40 - 35e" (40/i?)t 
40 - 35e" (40/R)to = 15 


.'. t Q = — In 1.4, R in kfl 
40 


At t = t„: 


R(kQ) 



-VA- 




/ 

+ 

+ 

b 

25jlF : 

: 15V 

v c ¥ 



— 

— 


10 


^Th — 


;(«) = 


400 


T = 


/?- 10 v ^ 77+10’ 

(25)(107?) x 10" 3 0.257? 


7?Th — 


107? 


kQ 


7? + 10 
1 4(7?+ 10) 


7? + 10 


7? + 10’ 


r 


7 ? 


v r = 


400 
7? + 10 


15- 


400 

7? + 10 


4(fl+10) 

R 


( t-t 0 ) 


400 

7? + 10 


'157? — 250] _+R±io)(t_ io ) 

l 7?+ 10 J 


5 


/157? — 250^ ^_ 4(fl+io ) (t _ to) 


57? - 350 
(7? + 10) 


or 


7? + 10 
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4(H+10) 

e R 


{t-to) 


3R — 50 
R- 70 


R , /3i? — 50\ 
f ~ to ~ 4(i? + 10 ) n V 17-70 ) 

At 12 flashes per minute to + (t - to) — 5 s 


R 

40 


In 1.4 -+ 


R 

4(i? + 10) 


In 


/3.R — 50\ 
V R - 70 ) 


5 


dominant 

term 

Start the trial-and-error procedure by setting (R/ 40) In 1.4 = 5, then 
R = 200/(In 1.4) or 594.40 kH If R = 594.40 kfi then 1 - 1 0 = 0.29 s. 
Second trial set (R/ 40) In 1.4 = 4.7 s or R = 558.74 kfl 

With R = 558.74 kfl, t-t 0 = 0.30 s 

The procedure converges to R = 559.3 kO 

P 7.105 [a] t 0 = RC In ( ^ min ~ = (3700) (250 x 10~ 6 ) In 

\Vax * s' ^ 1UU/ 

= 1.80 s 

t t ~ } n (^™ ax — ^Th\ 

C “ ° “ R + Rl 11 VVUn-VrJ 

R + R = 1 3^3 7 = 0.26 RC = (3700)(250 x 10” 6 ) = 0.925 s 


^Th = JY+J7 = 260 V i? Th = 3.7k||1.3k = 962 11 

.-. t c -t 0 = (0.925)(0.26) ln(640/40) = 0.67 s 
.-. t c = 1.8 + 0.67 = 2.47 s 

flashes/min = = 24.32 

2.47 

[b] 0 < t < t 0 ’. 

v L = 1000 - 700e~ t/Tl 


Ti — RC — 0.925 s 


to < t < t c : 

v L = 260 + 640e _ 0 _to )/ T2 

r 2 = R Th C = 962(250) x 10 ~ 6 = 0.2405 s 
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0 < t < t 0 : 

t 0 <t<t c . 

Graphically, i 


. 1000 - v L 

_ ^ „-*/0.925 

x — 

3700 

37 

. 1000 - v L 

74 64 

x — 

3700 

“ 370 ~ 370 

versus t is 



,-(t-to)/ 0.2405 


i(A) 

7 




■t 


The average value of i will equal the areas (Ai + A 2 ) divided by t c . 
A 1 + A 2 

■ ■ Vavg = 7 


Ai — 


ir 

37 Jo 
6.475 


g-i/0.925 dt 


(1 — e~ ln7 ) = 0.15 A-s 


Ao — 


ft c 74 _ g4g-(i-i o )/0.2405 

370 


dt 


J t 0 

74 . 15.392, lnl , . 

_ 370 — ^ o) ^ 3T0 6 _1) 

- 17 - 797 i n i6 _ (i_ c -mi.) 


370 

= 0.09436 A-s 


^a.vp - 


370 

(0.15 + 0.09436) 


(1000) = 99.06 mA 


avg 0.925 in 7+ 0.2405 In 16 
[c] P avg = (1000)(99.06 x 10" 3 ) = 99.06 W 

, , (99.06)(24) (365) 

No. of kw hrs/yr =-= 867.77 

3 1000 


Cost/year = (867.77)(0.05) = 43.39 dollars/year 


P 7.106 [a] Replace the circuit attached to the capacitor with its Thevenin equivalent, where 
the equivalent resistance is the parallel combination of the two resistors, and 
the open-circuit voltage is obtained by voltage division across the lamp 
resistance. The resulting circuit is 
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v r) 

Th 



+ 

V,, 


i?Th — R\\Rl ~ 


RRi 


R + Rl 

From this circuit, 

v c {oo) = Kh; u c (0) = K 


Kh — 


Rt 


R + R] 


-V. 


T — Rt\iC 


Thus, 

vc(t) = Kh + (Kiax — Kh)e ^ *°^ T 

where 

RR]C 
R + 

[b] Now, set vq (t c ) = Kin and solve for (f c — £ 0 ): 
Kh + (Kax - V Th )e- (fc - to)/r = Kin 


e (tc t 0 )/t _ Kin Vrh 

Knax — Kh 


~(t c ~ to) 

T 

(tc ~ t 0 ) = 


Klin f'Th 
Kiax 1'Th 

RRhC- Kin — Kh 
R + Rl Kax — Kh 


(tc - t 0 ) 


RRlC ^ Kax — Kh 
R + Rh Klin _ Kh 


P 7.107 [a] 0 < t < 0.5: 

. 21 /30 21 \ _ tlT , T/n 

i = -—h-— ) e where r = L R. 

60 V60 60/ ' 

i = 0.35 + 0.15e _60t/L 

*(0.5) = 0.35 + 0.15e -30/L = 0.40 

.-. e 30/L — 3; L=^- = 27.31 H 
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[b] 0 < t < t r , where t r is the time the relay releases: 

i = 0 + - o) e~ mt ' L = 0.5e~ 60tl/L 

0.4 = O.5e~ 60tr/L - e 60tr/L = 1.25 


27.31 In 1.25 


^ 0.10s 
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Natural and Step Responses of RLC 

Circuits 


Assessment Problems 


AP 8.1 [a] 


(2 RC) 2 LC ’ 


[b] a = 5000 = 


2RC 


therefore C = 500 nF 
therefore C = 1 //F 


/ (lo 3 Hio 6 ) 

s 12 = -5000 ± y 25 x 10 6 - ^— Rl—L = (-5000 ± j5000) rad/s 


[c] 7W = 20,000, 


20 


therefore C = 125 nF 


« 1,2 = 


-40 ± \J (40) 2 - 20 2 


10 3 , 


AP 8.2 i L 


si = —5.36krad/s, s 2 = —74.64 krad/s 
1 


50 x 10 


-3 


f [—14e -500(te + 26e _20 ’ 000x ] dx + 30 x 10" 3 
J o 


= 20 


— 14e 


—5000* 


—5000 


+ 


26e 


—20,000t 


+ 30 x 10 


-3 


lo -20,000 

= 56 x io- 3 ( e - 5000t - 1) - 26 x io- 3 ( e - 20 ’° ow - 1) + 30 x 10” 3 
= [56e _5000t - 56 - 26e _20,000t + 26 + 30] mA 

= 56e _5000t - 26e -20,00tM mA, t > 0 

AP 8.3 From the given values of R, L, and C, Si = —10 krad/s and s 2 = —40 krad/s. 
[a] n(0~) = n(0 + ) = 0, therefore Zr(0 + ) = 0 


8-1 
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[b] i c (0 + ) = -(*l( 0 + ) + i*(0+)) = -(-4 + 0) = 4A 

dv c (0 + ) 4 


[c] C dVc } = i c (0 + ) = 4, 


therefore 


dt cv ' dt 

[d] v = [Axe" 10 ’ 0004 + A 2 e _40 ’ 000t ] V, t > 0+ 

<in(0 + ) 


= — = 4 x 10 s V/s 


v(0 + ) — A\ + A 2 , 




= -10,000,4! - 40,000A 2 


AP 8.4 [a] 


Therefore Ay + A 2 = 0, -A x - 4A 2 = 40,000; A x = 40,000/3 V 

[e] A 2 = -40,000/3 V 

[f] v = [40,000/3] [e" 10 ’ 000 * - e- 40 ’ 000 *] V, t > 0 

1 


2 RC 


= 8000, therefore f? = 62.5f2 


10 V 

[blSK(0+) = 6«S) = 160mA 


i c (0+) = -(t L (0 + ) + i R (0 + )) = -80 - 160 = -240mA = C 
Therefore d ARi = Z 2 ^ = _ 240 kV/ S 


dv( 0 + ) 
dt 


dt 


[c] B v = n(0 + ) = 10 V, 


C 

dv c ( 0 + ) 
dt 


= U d B 2 - OtBy 


Therefore 6000^ - 8000^ = -240,000, B 2 = (-80/3) V 

dv 

[d] i L = -(*R + *c); ir = v/R ; ic = C— 


v = e 


-8000 1 


80 


[10 cos 6000f —— sin 6000t] V 


Therefore i R = e 8UOOt [160 cos6000f 


1280 


sin 6000t] mA 


ic = e 


—8000tr 


460 

-240 cos 6000f H—— sin 6000f] mA 


82 


R = lOe 8UUW [8 cos6000t + — sin6000t] mA, t > 0 

o 


AP 8.5 [a] 


2 RC 


1 _ 10 6 
LC ~ ~T’ 


therefore 


2 RC 


= 500, R = 100 n 


[b] 0.5 CV 0 2 = 12.5 x lO" 3 , therefore V 0 = 50 V 


[c] 0.5 LIl = 12.5 x 10~ 3 , I 0 = 250 mA 
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[d] D-2 = n(0 + ) = 50, 


50 


du(0 + ) 

dt 


— D\ — aD 2 


i R (0 + ) =-= 500 mA 

v ; 100 

Therefore i c (0 + ) = -(500 + 250) = -750 mA 

dv(C]+) 10 -3 

Therefore —-— = —750 x „ = — 75,000V/s 


dt C 

Therefore D x — aD 2 = —75,000; 

[e] v = [50e _500i - 50,OOOte- 500t ] V 

i R = ^ = [0.5e _5OtM - 500fe _500i ] A, 

AP 8.6 [a] * R (0 + ) = ^ ^ = 0.08 A 

K 500 

[b] i c (0 + ) = 1 - i R (0 + ) - i L (0 + ) = -1 - 0.08 - 0.5 = -1.58 A 


a = —- = 500, Di = -50,000 V/s 
2 RC 


t > 0+ 


[c] 


di L (0 + ) V 0 


dt 


40 

064 


= 62.5 A/s 


[d] a = 


= 1000 ; 


‘IRC 7 LC 

</ ~—at „„„ . . -L i r>f „—ott 


= 1,562,500; s h2 = -1000 ± j'750 rad/s 


[e] i L — if + B[e cosc o d t + B 2 e smu d t, if — I — — 1A 

*l(0 + ) = 0.5 = if + B[, therefore B[ = 1.5 A 

^l(0 + ) 


dt 


= 62.5 = -aB[ + u d B 2 , therefore B' 2 = (25/12) A 


ffl v(t) = 


Therefore i L (f) = — 1 + e 1000< [1.5 cos 750t + (25/12) sin 750t] A, 
hdR 


t > 0 


dt 


= 40e” loou< [cos 750t - (154/3) sin 750 t]V t > 0 


AP 8.7 [a] i(0 + ) = 0, since there is no source connected to L for t < 0. 

15k 


[b] ”‘(0 + > = ”c<0->=V 15k + 9 k/ 

[c] 50 + 80i(0 + ) + A*// 1 = 100, 


(80) = 50 V 


di( 0+) 
dt 


= 10,000 A/s 


[d] a = 8000; — = 100 x 10 6 ; s 1>2 = -8000 ± j6000 rad/s 

-L/O 

[e] i = if + e~ at [B[ cos LU d t + B 2 sin LUdt}', if = 0, i(0 + ) = 0 

di( 0+) 


Therefore B\ =0; 


dt 


= 10,000 = -aB[ + uj d B' 2 


Therefore B' 2 = 1.67 A; % = 1.67e _8000t sin6000t A, t>0 
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AP 8.8 v c (t) — Vf + e at [B[ cosc o d t + B' 2 sina^f], Vf = 100 V 

dv ( 0+1 

n c (0 + ) = 50 V; -= 0; therefore 50 = 100 + B\ 

CliL 

B[ = -50 V; 0 = -aB[ + u d B' 2 

Therefore B' = —B' = (-50) = -66.67V 

oo d V6000/ 

Therefore v c {t) = 100 - e - 8000t [50 cos 6000f + 66.67 sin 6000t] V, t > 0 




Problems 8-5 


P 8.2 


P 8.3 


[a] —a + y a 2 — = —250 

-a - \Ja 2 -uj 2 0 = -1000 
Adding the above equations, 


2a = -1250 


a = 625 rad/s 
1 1 
2 RC ~ 2/2(0.1 x lO" 6 ) 

R = 8kfi 


= 625 


2 \/a 2 - c j 2 0 = 750 


4(a 2 - u 2 a ) = 562,500 
uj 0 — 500 rad/s 

1 


u 2 0 = 25 x 10 4 = 


L = 


LC 

1 


(25 x 10 4 )(0.1 x 10" 6 ) 


= 40 H 


v(t) 


[b] i R =^ = -le~ 250t + 4 e ~ 10004 mA, t > 0 + 

R 

i c = = 0.2e~ 25Ot - 3.2e- 1000t mA. t > 0‘ 

dt 


i L = -(i R + i c ) = 0.8e- 250t - 0.8e” iuuui mA, t> 0 

[a] 4(0) = = 75mA 

l j kv ; 20Q 

4(0) = —45mA 

4(0) = -4(0) - 4(0) = 45 - 75 = -30 mA 
1 1 


[b] a = 


<£ = 


2 RC 2(200)(0.2 x 10~ 6 ) 

1 1 


= 12,500 
= 10 s 


LC (50 x 10 _3 )(0.2 x 10- 6 ) 
si, 2 = -12,500 ± Vl.5625 x 10 8 - 10 8 = -12,500 ± 7500 
si = —5000 rad/s; s 2 = —20,000 rad/s 
v = A ie - 5000t + A 2 e- 20 ’ 000t 


n(0) — Ai + A 2 — 15 
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P 8.4 


rjnt _QH X ID ^ 

-(0) = -5000^ - 20,000A 2 = x ^ = -15 x 10 4 V/s 

Solving, Ai = 10; A 2 = 5 
v = 10e -5000t + 5e- 20 ’ 000i V, t> 0 

M » . 4 

= 0.2 x 10 _6 [—50,OOOe _5000i - 100,OOOe- 2 °’ ooot ] 

= -10e- 5000t - 20e _20 ’ 000< mA 

?; R = 50e" 500m + 25e _20 ’ 000t mA 

i L = -i c -in= —40e _5000i - 5e" 20 ’ 000i mA, t > 0 

j = 8000 


2 RC 2(312.5)(0.2 x 10" 6 ) 


LC (50 x 10 _3 )(0.2 x 10~ 6 ) 


= 10 * 


s 1)2 = -8000 ± V8000 2 - 10 8 = —8000 ± j’6000 rad/s 


.'. response is underdamped 


v(t) = B ie ~ moot cos6000t + B 2 e~ mow sin6000t 


—80004 , 


v(0 + ) = 15V = Bp, i R (0 + ) = = 48mA 


i c (0 + ) = Hl( 0 + ) + i R (0 + )] = -[-45 + 48] = -3 mA 


-3 


dv{ 0+) _ -3 x 10 
dt ~ 0.2 x 10~ 6 


= -15,000 V/s 


dv( 0) 
dt 


= -8000fii + 6000fi 2 = -15,000 


60005 2 = 8000(15) - 15,000; .'. B 2 = 17.5 V 

v(t) = 15e _8000t cos 6000t + 17.5e~™ sin 6000t V, t > 0 
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P 8.5 


a = 


2 RC 2(250)(0.2 x 10 -6 ) 


= 10 4 


a 2 = 10 8 ; 


2 2 
a = 


Critical damping: 

v = Dje-^ + D 2 e~ at 

*fl (0+ ) — “ 6° mA 

i c (0+) =-M0 + )+i R (0 + )] =-[-45 + 60] =-15 mA 
u(0) = D 2 = 15 

nil 

— = _Di[t(— ae~ at ) + e _Qi ] — aD 2 e~ at 


^(0 ) = D 1 -aD 2 
at 

D\ = olD 2 - 75,000 
v = (75,000t + 15)e 


i c (0) _ -15 x 10" 3 
C ~ 0.2 x 10” 6 

= (10 4 )(15) - 75,000 = 

io,oooi y, t > 0 


= -75,000 
75,000 


P 8.6 a = 1000/2 = 500 

R = * = —- w 1 -— = 400 n 

2 aC 2(500)(2.5 x 10" 6 ) 

v(0 + ) = 3(1 + 1) = 6 V 

i R (0 + ) = = 15mA 

KV ; 400 

— = —300e _low - 2700e _9 ° ot 
dt 

dv( 0 + ) 

\ ; = -300 - 2700 = -3000 V/s 
dt 

i c (0+) = 2.5 x 10 _6 (—3000) = -7.5mA 
+ (0 + ) = —[^r( 0 + ) + i c (0 + )] = -[15 - 7.5] = -7.5mA 
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P 8.7 


[a] a = 20,000; u>d = 15,000 


u d = \]ul - a 2 

col = tu 2 d + a 2 = 225 x 10 6 + 400 x 10 6 = 625 x 10 6 

1 


LC 
L = 

[b] a = 


= 625 x 10 


6 


(625 x 10 6 )(40 x 10~ 9 ) 
1 


= 40 mH 


2 RC 


R = 


= 625 n 


2 aC 2(20,000)(40 x 10~ 9 ) 

[c] V o = v(0) = 100 V 

[d] I a = *l(0) = — *r(0) — ic(0) 

!R(0) = if = is = 160mA 

SC (0) = c|(0) 

dv 

— = 100{e _2 °’ ooot [—15,000 sin 15,000t — 30,000 cos 15,000t]- 


20,OOOe _20,000i [cos 15,000t - 2 sin 15,000t] 
dv 

— (0) = 100{1(—30,000) - 20,000} = -500 x 10 4 
dv 

C— (0) = -500 x 10 4 (40 x 10" 9 ) = -200mA 
at 

I a = 200 - 160 = 40mA 
dv 

[e] — = 100e _2 °’ oow [25,000 sin 15,000t — 50,000 cos 15,000t] 


= 25 x 10 5 e _2 °’ oow [sin 15,000t - 2 cos 15,000*] 
dv 

c— = 0.1e _2 °’ ooot (sin 15,000* - 2 cos 15,000*) 

i c (t) = 0.1e -2 °’ oow (sin 15,000t - 2 cos 15,000*) A 
i R (t) = O.16e _20,000i (cos 15,000t - 2 sin 15,000*) A 
h(t) = -in (*) 

= e - 2 °’ OOM (40 cos 15,000* + 220 sin 15,000*) mA, t > 0 
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P 8.8 [a] 2a = 1000; a = 500 rad/s 

2 sja 2 — = 600; uj q = 400 rad/s 


C = 


L = 


2 aR 2(500) (250) 

1 1 


= 4 /rF 


u 2 0 C (400) 2 (4 x 10- 6 ) 

ic(0 + ) = A 1 + A 2 = 45 mA 

dig | di L | di R _ Q 
dt dt dt 

dig{ 0) di L ( 0) di R ( 0) 


= 1.5625 H 


dt 

di L (0) 


dt 


15 


dt 


= 9.6 A/s 


dt 1.5625 

dift(O) 1 cfo(O) 1 ic(0) 


45 x 10 


-3 


dt R dt R C (250)(4 x 10~ 6 ) 
di c (0) 


= 45 A/s 


dt 


= -9.6 -45 = -54.6 A/s 


.'. 200Ai + 800A 2 = 54.6 + A 2 = 0.045 

Solving, Ax = —31 mA; A 2 = 76 mA 
.'. i c = —31e~ 200t + 76e" 800t mA, t > 0 + 
[b] By hypothesis 

v = A 3 e~ 200t + A 4 e~ mot , t > 0 
u(0) = A 3 + A 4 = 15 
dv( 0) 45 x 10" 3 


= 11,250 V/s 

dt 4 x lO " 6 
- 200 A 3 - 8 OOA 4 = 11,250; 
v = 38.75e" 200t - 23.75e" 800< V, 


[c] i R (t) = — = 155e _200t - 95e- 80m mA, 

zou 

[d] R = —— R 

i L = — 124e _200t + 19e _800< mA, 


A 3 = 38.75 V; 
t > 0 

t > 0+ 


a 4 = 


-23.75 V 


t > 0 
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P 8.9 


[a] 


1 \ 2 1 , v, 

= —= (500) 2 


= 1 /jF 


2RCJ LC 

c= 1 


(500) 2 (4) 


2 RC 
i? = 


= 500 


= lkfi 


2(500)(10 -6 ) 
u(0) = D 2 = 8 V 

g 

zr( 0) =-= 8mA 

v ; 1000 

ic(0) = —8 + 10 = 2 mA 

f(0) = A - 500H 2 = 2 ^ 3 = 2000 V/s 

D\ = 2000 + 500(8) = 6000 V/s 
[b] v = 6000Ze _5 ° ot + 8e _500t V, t > 0 

^ = [-3 x 10 H + 2000]e _5 ° ot 

i c = C ^ = (-3000/ + 2)e _500< mA, / > 0+ 

LLL 


P 8.10 [a] a = —= 0.5 rad/s 

2 RC 

“° = Zc = 25 - 25 

u d = y 7 25.25 - (0.5) 2 = 5 rad/s 
.'. v = £?ie _< / 2 cos 5/ + _B 2 e~*/ 2 sin 5/ 
f(0) = Bi = 0; v — £? 2 e _t / 2 sin 5/ 

Hv \ 

z R (0 + ) = 0 A; * c (0 + ) = 4 A; -(0+) = — = 50 V/s 

50 = -aB l + c o d B 2 = -0.5(0) + 5 B 2 
B 2 = 10 

.'. v = 10e _t//2 sin5ZV, Z>0 
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[b] — = — 5e ^ 2 sin5t + 10e ^ 2 (5cos5t) 
at 

dv 

— = 0 when 10cos5t = sin 5 1 or tan 5t = 10 
dt 

5ti = 1.47, 

5 1 2 = 1.47 + 7r, 

5t 3 = 1.47 + 2 tt, 

[c] t 3 — ti — 1256.6 ms; 

[d] t 2 — t\ = 628.3 ms; 

[e] v(h) = 10e- (o ' 147115) sin 5(0.29423) = 8.59 V 

v(t 2 ) = 10e" (a46127) sin 5(0.92254) = -6.27 V 
v(t 3 ) = 10e" (a77543) sin 5(1.55086) = 4.58 V 


t\ = 294.23 ms 
t 2 = 922.54 ms 

t 3 = 1550.86 ms 
27r 27T 

T d = — = — = 1256.6 ms 


uj d 5 
T d _ 1256.6 

T ~~ 2 


= 628.3 ms 



P 8.11 [a] a = 0; cu d = u 0 = V25.25 = 5.02rad/s 

v = Bi cosco 0 t + B 2 snuj 0 t] n(0) — B i = 0; v — B 2 sinu; 0 t 

C |(0) = - Il( 0)=4 

50 = - aB 1 + c o d B 2 = -0 + V25.25B 2 
.-. 5 2 = 50/V25.25 = 9.95 V 

u = 9.95 sin 5.02tV, t>0 

5 02 

[b] 2vr/ = 5.02; / = —— = 0.80 Hz 
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.12 


[c] 9.95 V 


[a] LC (12.5)(3.2 x lO- 9 ) 25 X 10f 

uj 0 = 5000 rad/s 

1 1 

- - = 5000; R=~ -t-— = 31.25 kfi 

2 RC ’ 2(5000)(3.2 x 10~ 9 ) 

[b] v(t) = DRe~ mm + D 2 e~ 5000t 

u(0) = 100 V = D 2 
dv 


— = {DR + 100) (—5000e _5 ° oot ) + D x e~’ mot 

^(O) = -500 x 10 3 + D l = ^5 
ct~c O 

*c(0) = -*r(0)-* l (0) 

, , 100 

?r(0) = 31^00 =3 - 2mA 

.-. i c (0) = -(3.2 + 6.4) = -9.6mA 

dv. . 9.6 x 10 -3 

dt y J 3.2 x lO" 9 

.'. -500 x 10 3 + Dt = -3 x 10 6 

D 1 = -25 x 10 5 V/s 


.-. v(t) = (-25 x 10 5 t + 100)e _5 ° oot 
'] ic(t) = 0 when ~^{t) = 0 


V, 


t > 0 


dv 

~dt 


= (-25 x 10 5 t + 100)(—5000)e _5 ° oot + e - 5000t (- 


9.c; v i n 5 ' 


= (125 x 10 8 t - 30 x 10 5 )e-™ 

5 = 0 when 125 x 10 8 ti = 3 x 10 6 ; .'. t\ = 240 us 

dt 

u(240/is) = e _L2 [(—25 x 10 5 )(240 x 10~ 6 ) + 100] = -150.6 V 



Problems 8-13 


—150 6 

[d] ?: L (240/is) = -i R (240/rs) = — — = -4.82 mA 
u c { 240/rs) = ^(3.2 x 10” 9 )(—150.6) 2 = 36.29/J 

a; L (240/rs) = ^(12.5)(—4.82 x 10" 3 ) 2 = 145.2/iJ 
a;(240 / us) = uq + u)l = 181.49 /iJ 

w(0) = ^(12.5)(6.4 x 10" 3 ) 2 + ^(3.2 x 10" 9 )(100) 2 = 272 pj 
181.49 

% remaining = (100) = 66.72% 


1 - 

P 8.13 [a] a = = 1250, u 0 = 10' , therefore overdamped 

2/iG 

Si = —500, s 2 = —2000 
therefore v = A^ 500 * + A 2 e- 200M 


n(0 + ) — 0 — Ai + A 2 \ 


<7y(0 + ) 

dt 


= 98,000 V/s 



t (ms) 


Example 8.4: n max 




74.1V at 1.4 ms 
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Example 8.5: u max = 36.1 V at 1.0 ms 
Problem 8.13: v max = 30.9 at 0.92 ms 
P 8.14 From the form of the solution we have 

n(0) = Ai + A 2 

[ ^ = — ot{Ai 4 - A 2 ) + jujd(Ai — A 2 ) 
dt 

We know both u(0) and dv(0 + )/dt will be real numbers. To facilitate the algebra we 
let these numbers be K\ and K 2 , respectively. Then our two simultaneous equations 
are 


K\ — A 1 + A 2 

K 2 = (—a + ju)d)Ai + (—a — jUd)A 2 

The characteristic determinate is 


A = 


1 1 

-a + juj d ) (-a - ju d ) 


= -j 2u d 


The numerator determinates are 


iVi = 


K i 1 

K 2 (-a - ju d ) 


= —(a + ju d )K± - K 2 


and N 2 


1 K\ 

{-a + ju d ) K 2 


K ‘2 + (a - juj d )Ki 


It follows that Ai 


Ni _ UdKi - j{aKi + K 2 ) 
A 2c o d 


and A 2 


n 2 

A 


Ud.Kx + jjaKi + K 2 ) 

2c o d 


We see from these expressions that A\ = A* 2 



Problems 8-15 


P 8.15 By definition, Bi — A\ + A 2 . From the solution to Problem 8.14 we have 


Ai + A2 


2 LOdK 1 

2u d 


K 


1 


But K] is n(0), therefore, B\ = n(0), which is identical to Eq. (8.30). 
By definition, B 2 = j(A x — A 2 ). From Problem 8.14 we have 


B 2 — j(Ai — A 2 ) — 

It follows that 


j[-2j(aK 1 + K 2 )] <y.K\ + K 2 


2u r t 




dn(0 + ) 

K) = —ah 1 + uJd B 2 • but K 2 = —-— and K } = B\ 

at 


Thus we have 


— ( 0 + ) — —aBi -\-UdB 2} 

which is identical to Eq. (8.31). 

P 8.16 t< 0: V 0 = 15 V, J o = -60mA 


+ 


15V 


l|iF 


62.5mH 


V 

■60mA 


t > 0: 


= 1fF % 

+ 

hoon v o f 


- 


62.5mH 


*r(0) 

*c(0) 


15 

= -= 150 mA; 

100 


i L (0) = —60 mA 


= -150 - (-60) = -90 mA 


2 RC 2(100)(10 -6 ) 


= 5000 rad/s 
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P 8.17 


<4 = 


= 16 x 10 fc 


LC (62.5 x 10~ 3 )(10- 6 ) 
s 1)2 = -5000 ± V25 x 10 6 - 16 x 10 6 = -5000 ± 3000 
si = —2000 rad/s; s 2 = —8000 rad/s 
Vo = A 1 e- 2000t + A 2 e- S0m 
Ax + A 2 = v o (0) = 15 

dv Q . . —90 x 10- 3 

—^(0) = -2000Ax - 8000A 2 =-—-= -90,000 

LLL JL U 

Solving, Ax = 5 V, A 2 = 10 V 

v Q = 5e~ 2000t + 10e" 8000i V, t > 0 
1 1 


uj 2 = 


° LC (62.5 x 10- 3 )(10~ 6 ) 
1 1 


= 16 x 10 c 


a = 


= 2500 


2 RC 2(250)(10” 6 ) 
s 1)2 = -2500 ± V2500 2 - 16 x 10 6 = -2500 ± j3122.5rad/s 


v 0 (t) = Bxe"™cos3122.5t + B 2 e~ 2bmt sin3122.5t 
v o (0) = B 1 = 15 V 

ir( 0) = = 75 mA 

v ; 200 

zl(0) = —60 mA 

*c(0) = ^h(O) - i L (0) = -15 mA .'. 
dv 

—^(0) = -2500^1 + 3122.5^2 = -15,000 V/s 

LLL 


ic(0) 

C 


= -15,000 V/s 


.'. 3122.5^2 = 2500(15) - 15,000 .'. B 2 = 7.21 V 

v a (t) = 15e~ 25m cos 3122.5t + 7.21e" 2500t sin 3122.5t V, t > 0 



Problems 8-17 


P 8.18 


P 8.19 




LC (62.5 x 10“ 3 )(10- 6 ) 


= 16 x 10 b 


a = —— = —- 7 -— = 4000 

2 RC 2(125)(10 -6 ) 


a 2 = % (critical damping) 


v 0 {t) = Dite" 4000 * + D 2 e~ 40m 


%0) = D 2 = 15 V 


*fl(0) | l ) . ) 120 mA 


*l(0) = —60 mA 
ic(0) = —60 mA 


dv n , , 

-^(0) = -4000D 2 + D 1 


m = -60 x 10-3 = 
1-6 


c 


10 - 


D i - 4000^2 = -60,000; D 1= 0 


v 0 (t) = 15e- 4UUUt V, t> 0 



20kH 


v T = -2 x 10% + 16 x 10%; i<t> = — (-% 
= 4000i t + 16,0002 t = SOjOOOij 1 

— = 20kft 

ir 
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P 8.20 


P 8.21 


V 0 


3000 

5000 


(50) = 30 V; 


Io = 0 


*c(0) = -i fl (0)-i L (0) 


30 

20,000 


— 1.5 mA 


*c(0) 

C 


-1.5 x 10~ 3 
0.25 x 10~ 6 


-6000 


° LC (40) (0.25 x 10 -6 ) 

1 1 
ex = -=- 

2 RC 2(20 x 10 3 )(0.25 x 10~ 6 ) 

Uj d = Vio 5 - 100 2 = 300 rad/s 


100 rad/s 


v 0 = B]6 100< cos 300t + B 2 e 10W sin300t 


u o (0) = By = 30 V 

^(0) = 3005 2 - 1005! = -6000 

.'. 3005 2 = 100(30) - 6000; .'. B 2 = -10 V 

v 0 = 30e -low cos 300t - 10e" low sin 300t V, t > 0 

[a] v = L (^j = 16[e _20 ’ 000t - e" 80 ’ 000 *] V, t> 0 

[b] i R = ^ = 40[e _20,000i - e" 80 ’ 000t ] mA, t > 0 + 

[c] ic = I - i L - i R = [— 8e _20 ’ 000t + 32 e - 80 ’ 00W ] mA, t > 0 + 

[a] v — L = 40e -32 ’ OOM sin 24,000t V, t> 0 

[b] i c (t) = I - i R - i L = 24 x 10~ 3 - JL - il 

625 

= [24e _32 ’ 000t cos 24,000t - 32 e - 32 ’ 000i sin 24,000t] mA, 
= 960,OOOte" 4 °’ ooot V, 


P 8.22 v — L 


t > 0 



Problems 8-19 


P 8.23 


t < 0 : ?L : 

t > 0: 

= 9/3000 = 

3 mA 


6mA(1 

5 : 

*6kQ j 

;62.5H ' 

= 2.5^F - 

> 3kfi 


6k||3k = 2kO 


9mA@ 



t 2. 


4(0) = 3 mA, i L (oo) = 9mA 




a = 


LC (62.5)(2.5 x 10" 6 ) 
1 1 


= 6400; 

= 100 ; 


2 RC 2(2000)(2.5 x 10~ 6 
a 2 -oj 2 0 = 10 4 - 6400 = 3600 
Si )2 = —100 ± 60 rad/s 
si = —40 rad/s; s 2 = —160 rad/s 

i L = I f + A\e~ m + A^e -160 * 

zl(oo) = If = 9mA 

i L (0) = A[ + A' 2 + If — 3 mA 

. . A i A A 2 9 m — 3 m so A ^ A 2 


oj 0 = 80 rad/s 

a 2 = 10 4 


—6 mA 


^(0) = 0 = -40A; - 160A' 2 

Solving, A[ = —8 mA, A' 2 = 2 mA 

i L = 9 - 8e _40t + 2e~ 160t mA, 


t > 0 
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P 8.24 


P 8.25 


<4 = 


= 10 s ; l o 0 = 10 4 rad/s 


LC (50 x 10“ 3 )(0.2 x 10" 6 ) 


a = 


2 RC 2(200)(0.2 x 10" 6 ) 


= 12,500 rad/s overdamped 


si ,2 = -12,500 ± \J (12,500) 2 - 10 8 = -12,500 ± 7500 rad/s 


Si = —5000 rad/s; s 2 = —20,000 rad/s 


If — 60 mA 


i L = 60 x 10" 3 + A[e~ 50m + A^e" 20 ’ 0004 


-45 x 10" 3 = 60 x 10" 3 + A; + A' 2 ; A[ + A' 2 = -105 x 10 


-3 


dl '- = -5000A; - 20,000A' = = 300 

db 0.05 


Solving, A( = —120 mA; A 2 = 15 mA 


i L = 60 - 120e" 50004 + 15e" 20 ’ 0004 mA, t > 0 


a = 


2 RC 2(312.5)(0.2 x 10" 6 ) 


= 8000; a 2 = 64 x 10 6 


(jj a = 10 4 underdamped 


Si, 2 = -8000 ± jV8000 2 - 10 8 = -8000 ± j6000 rad/s 


i L = 60 x 10” 3 + B' 1 e~ 8000t cos 6000t + B' 2 e“ 8UUUt sin 6000t 


r „-8000t, 


—45 x 10~ 3 = 60 x 10 -3 + B[ B[ = - 105mA 


di] 

dt 


(o) = — 80005 ; + 60005; = 300 


B' 2 = 


—90 mA 


i L = 60 - 105e" 80004 cos 6000t - 90e" 80004 sin 6000t mA, t > 0 



Problems 8-21 


P 8.26 


P 8.27 


2 RC 2(250)(0.2 x 10" 6 ) 
a 2 = 10 s = u 2 critical damping 

i L = I f + D'je- 104 * + D' 2 e~ wH = 60 x 10” 3 + D[te~ loH + D' 2 e~ wH 
* L (0) = -45 x 10" 3 = 60 x 10" 3 + D' 2 - D 2 = -105 mA 

^(0) = -lO 4 ^ + D\ = 300 A/s 

D\ = 300 + 10 4 (—105 x 10" 3 ) = -750 A/s 
i L = 60 - 750,000te _1 ° 4 * - 105e" 1()4t mA, t > 0 
For t > 0 


4oon 


1-25^Ft 


1.25H 


+ 

v 


“ = wb = 1000; Tc 


Si 2 = —1000 ± 600 rad/s 


64 x 10 4 


si = —400 rad/s; s 2 = —1600 rad/s 

v 0 = V f + A' ie - 400t + A' 2 e~ wm 

V f — 0; v o (0 + ) = 0; i c (0 + ) = 30mA 


A[ + A' 2 = 0 

dv 0 ( 0 + ) _ i c (0 + ) 

dt 

dv Q { 0 + ) 


— = 24,000 V/s 


dt 


1.25 x 10- 6 
= -400A/ - 1600A' 2 = 24,000 


Solving, 

A; = 20 V; A 2 = —20 V 

v 0 = 20e" 40W - 20e” 1600< V, t > 0 
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P 8.28 [a] From the solution to Prob. 8.27 si = —400 rad/s and s 2 = —1600 rad/s, 

therefore 

i 0 — If + A[e- 4m + A' 2 e- imw 

I f = 30 mA; i o (0 + ) = 0; = 0 

.'. 0 = 30 x 10" 3 + A; + A'p -400A; - 1600A 2 = 0 


Solving 

A! l = —40 mA; A' 2 = 10 mA 

.'. i 0 = 30 - 40e _400t + 10e _1600f mA, t > 0 


[b] 


di Q 

dt 


l 6e -400t _ 16e -i60ot 

jL ^ = 20e- 40W -20e- 1600t V, 
dt 


t > 0 


This agrees with the solution to Problem 8.27 


P 8.29 


1 1 
2 RC ~ 2(400)(1.25 x 10~ 6 ) 


0 LC (1.25 x 10 _6 )(1.25) 
s 1)2 = -1000 ± \/l000 2 - 64 x 10 4 


= 1000 

64 x 10 4 

= -1000 ±600 rad/s 


si = —400 rad/s; s 2 = —1600 rad/s 


v 0 (oo) = 0 = Vf 
.-. v 0 = A[e- 400t + A' 2 e- 1600t 
v o (0) = 12 = A[ ± A' 2 
Note: i c (0 + ) = 0 

(in 

.-. —2(0) = 0 = -400a; - 1600A' 2 

LLL 

Solving, Ai = 16V, A' 2 =-4V 

v 0 (t) = 16e _400t - 4e~ 1600t V, t> 0 



Problems 8-23 


P 8.30 [a] i 0 — If + A[e- 400t + A' 2 e~ wm 

If = = 30mA; = ° 

0 = 30 x 10~ 3 + A[ + A' 2 , A[ + A' 2 = -30 x 10" 3 

§<°> = HE = - 40M ‘ - 1600 ^ 

Solving, A\ = —32 mA; A 2 = 2 mA 
i a = 30 - 32e _40W + 2e~ 1600i mA, t > 0 

[b] ^ = [12.8e _40W - 3.2e _1600i ] 

Vo = L (k A = 16e _40W - 4e' 160m V, t > 0 
at 

This agrees with the solution to Problem 8.29. 

P 8.31 * L (0“) = i L (0 + ) = 37.5 mA 

For t > 0 



* L (0") = i L (0 + ) = 37.5 mA 

a = 2/^c = 100rad/s; uj2 ° = Tc = 6400 

si = —40 rad/s s 2 = —160 rad/s 

u 0 (oo) = 0 = Vf 

v 0 = A' ie - m + A' 2 e~ im 

i c { 0 + ) = -37.5 + 37.5 + 0 = 0 


dv ( 

dt 


0 
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— -(0) = -40 A[ - 160 A' 2 

LLL 

A[ + 4A' 2 = 0; A\ + A' 2 = 0 
••• A[ = 0; A 2 = 0 
v Q = 0 for t > 0 


Note: 


v o (0) = 0; v 0 (oo) = 0; 


4(0) 

dt 


= 0 


Hence the 37.5 mA current circulates between the current source and the ideal 
inductor in the equivalent circuit. In the original circuit the 7.5 V source sustains a 
current of 37.5 mA in the inductor. This is an example of a circuit going directly into 
steady state when the switch is closed. There is no transient period, or interval. 


.32 t < 0: 


v o (0 ) = n o (0 + ) = 


625 

781.25 


(25) = 20 V 


*l(0“) = *l(0 + ) = 0 

t > 0 


160mA(4) 




+ 

312.5mHf 

J 1250 : 


-2 0V f 





20 


-160 x 10~ 3 + 2^. + * c (0+) + 0 = 0; 

1 


125 
1 


• •• ic(0 + ) = 0 


2 RC 2(125)(5 x 10~ 6 ) 

1 1 


= 800 rad/s 


= 


° LC (312.5 x 10" 3 )(5 x 10" 6 ) 


= 64 x 10 4 


OL 2 = UJg critically damped 



Problems 8-25 


[a] v 0 = V f + D[te~ 800t + D 2 e~ 800t 


V f = 0 

= -800 D' 2 + D[ = 0 
dt 2 1 

v o (0 + ) = 20 = D 2 


D[ = 800L>2 = 16,000 V/s 

v Q = 16,000/e _8OO< + 20e _800t V, t > 0+ 

[b] i L = I f + D 3 te~ 800t + D’ A e~ 8mt 

*l(0 + ) = 0; If — 160 mA; — 1 ^ - =-—-- = 64 A/s 

v ; 1 ’ dt 312.5 x lO " 3 

0 = 160 + D' a ; D' a = -160 mA; 

- 8 OOH 4 + D' 3 = 64; D 3 = -64 A/s 

i L = 160 — 64,000/e" 80W - 160e" 800i mA t > 0 

roo roo 

P 8.33 [a] wl — / pdt = / ivA dt 

Jo Jo 

v Q = 16,000/e" 8 ° ot + 20e" 80W V 
i L = 0.16 - 64/e -800 * - 0.16e" 800i A 
p = 3.2e~ 800t + 2560 te~ 800t - 3840/e~ 160W 
—1,024,000/ 2 e” 160t)< - 3.2e~ 1600< W 

/ oo roo roo 

e~ 8m dt + 2560 / te~ 8m dt - 3480 / te~ imQt dt 
0 J 0 Jo 

/ oo roo 

t 2 e~ 16m dt- 3.2/ e - 1600 i c// 
o Jo 


3840 1R(W/ 

___ e -1600t(_i 6 oo t - 1) ^ 
1,024,000 

A— e - 160W 1600 2 / 2 + 3200/ + 2 
(—1600) J 


IOO 


3.2- 


s - 1600 t 


-1600) 


OO 


0 
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All the upper limits evaluate to zero hence 

3.2 2560 3840 (1,024,000) (2) 3.2 

tt) L =- 1 -------= 4 mJ 

800 800 2 1600 2 1600 3 1600 

Note this value corresponds to the final energy stored in the inductor, i.e. 

w L (oo) = ^(312.5 x 10~ 3 )(0.16) 2 = 4mJ. 

[b] v = 16,OOOte -80W + 20e _800i V 


i R = — = 128 te~ sm + 0.16e" 800t A 
125 

p R = vi R = 2,048,0004 2 e _16 ° 0i + 51204e" 1600t + 3.2e" 1600t 

roo 

W R = p R dt 
Jo 

/ oo roo rex 

t 2 e- 1600t dt + 5120 / te~ 16m dt + 3.2 / 

0 Jo Jo 

2,048,000e~ 160W r 

= ---[1600 2 f 2 + 32004 + 2] + 

—loUlP o 

5120e _1600t . 00 3.2e _1600t 00 

--—(-1600i-l) + --- 

1600 2 V o (-1600) o 

Since all the upper limits evaluate to zero we have 

2,048,000(2) 5120 3.2 r T 

WR ~ T7A7A + TNEE + Toon “ 5mJ 


e 1600 i ^ 


^,048,000(2) 5120 3.2 

1600=> + I600i + 1600 _5mI 

[c] 160 = i R + ic + ih (rnA) 

i R + i L = 160 + 64,0004e _8 ° ot mA 
.-. i c = 160 - (i R + * L ) = —64,0004e _80W 
p c = V i c = [16,0004e _80t)i + 20e- soot ][- 


+ 20e _800t ][—644e _800t 


■644e _800 * A 


= —1,024,0004 2 e _16 ° ot - 1280e _1600t 

roo roo 

w c = -1,024,000 / t 2 e~ W00t dt - 1280 / te" 1600 * dt 

Jo Jo 

—1,024,OOOe- 1600 \ 99 . 00 1280e" 

w c = —----^- 1600 2 4 2 + 32004 + 2- 

e -1600 3 1 J o 1600 

Since all upper limits evaluate to zero we have 

-1,024,000(2) 1280(1) _ 

1600 3 1600 2 m 


00 1280e _1600t , 

„-T 600 ^(- 160W -^ 


w c = 



Problems 8-27 


Note this 1 mJ corresponds to the initial energy stored in the capacitor, i.e., 

w c (0) = ^(5 x 10~ 6 )(20 ) 2 = 1 mJ. 

Thus wc(oo) = OmJ which agrees with the final value of v = 0. 

[d] i s = 160 mA 


p s (del) = 160nmW 

= 0.16[16,OOOfe _800t + 20 e _800t ] 

= 3.2e _800t + 2560fe _800t W 

/ oo poo 

e - 800 t dt _|_ / 2560 te~ 800t dt 

o Jo 


3.2e~ mot 


OO 


-800 | 0 
3.2 2560 

800 + W 


2560e _800t 

800 - 


(—800f - 1 ) 


= 8 mJ 


OO 

0 


[e] w L = 4 mJ (absorbed) 
w R = 5 mJ (absorbed) 
wc = 1 mJ (delivered) 
ws = 8 mJ (delivered) 


W del = W abs = 9 mJ. 


P 8.34 U C (0 + ) 


3.75 x 10 3 
11.25 x 10 3 


(150) = 50 V 


i L (0 + ) = 100 mA; 


*l(oo) 


150 

7500 


20 mA 


a = 


2 RC 2(2500)(0.25 x 10 " 6 ; 


= 800 


a ;„ 2 = 


LC (4)(0.25 x 10~ 6 ) 


= 10 fc 


a 2 = 64 x 10 4 ; a 2 < cu 2 ; .'. underdamped 


s 1)2 = -800 ± jV800 2 - 10 6 = -800 ± j600 rad/s 
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P 8.35 


R = If + B[e at cosLUdt + B' 2 e at sin uj d t 

= 20 + B[e~ 8m cos 600t + B' 2 e~ 8m sin 6001 

i L (0) = 20 x 10 “ 3 + Bp B[ = 100 m - 20 m = 80 mA 

(jo T 

-^(0) = 600£>2 - 8005^ = — = 12.5 

6005 2 = 800(80 x 10~ 3 ) + 12.5; B 2 = 127.5mA 
.-. i L = 20 + 80e" 800t cos 6001 + 127.5e" 80W sin 6001mA, t> 


[a] 2a = 5000; a = 2500rad/s 

y/a 2 - ul = 1500; u 2 0 = 4 x 10 6 ; = 2000rad/s 


R 

a = — = 2500; R = 5000L 

ZIj 


10 


9 


LC 4 X 106 ’ L 4 x 10 6 (50) 


R = 25,000 n 
[b] i( 0 ) = 0 
di( 0) 


= 5H 


= v c (0); ^(50) x 10"V(0) = 90 x 10 


dt 


1-6 


.-. v c 2 (0) = 3600; n c (0) = 60 V 

d p = 6 ? = 12A/s 

dt 5 


[c] i(t) = A ie - 1000t + A 2 e _4000< 
i( 0 ) = A\ + A 2 = 0 

^4°^ = -1000^! - 4000A 2 = 12 


Solving, 

.'. Ai = 4mA; A 2 = —4mA 
i(t) = 4e~ 1000t — 4e~ 4000t mA t> 0 



Problems 8-29 


P 8.36 


[d] = —4e _100W + 16e- 4000t 


dt 

di 

dt 


= 0 when 16e 


—4000/ 


= 4e 


- 1000 / 


or e 


3000/ 


= 4 


In 4 

t = -us = 462.10 ns 

3000 P P 


[e] i max = 4e -0 ' 4621 - 4e -1 ' 8484 = 1.89 mA 
. di 
dt 

a = 2000 rad/s; u d = 1500 rad/s 


[f] VL (t)= 5^ = [—20e _looot + 80e" 4000 *] V, t > 0 H 


u 2 0 - a 1 = 225 x 10 4 ; a/ 2 = 625 x 10 4 ; u> 0 = 2500 rad/s 




a = — = 2000; R = 4000L 

ZLj 


— = 625 x 10 4 ; L = 

.L/C/ 


(625 x 10 4 )(80 x IQ" 9 ) 


= 2 H 


.'. B = 8kfl 

i(0 + ) = Bi = 7.5 mA; at t = 0~ 



60 + n L (0 + ) — 30 = 0; 
di( 0+) -30 


n L (0 + ) = -30 V 


dt 2 
di( 0 + ) 


= -15 A/s 


dt 


= 1500B 2 - 20007?! = -15 


.-. 1500i? 2 = 2000(7.5 x 10~ 3 ) - 15; 
.'. i = 7.5e _2000t sin 1500/mA, t> 0 


Bo = 0A 
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P 8.38 


From Prob. 8.36 we know v c will be of the form 

v c = B 3 e~ 20m cos 1500t + B 4 e~ 20m sin 1500t 
From Prob. 8.36 we have 
u c (0) = -30 V = B 3 

and 

dv c ( 0) i c (0) 7.5 x 10" 3 


dt 

dv c {0 ) 
dt 


= 93.75 x 10 J 


C 80 x 10- 9 
= 1500£> 4 - 2000^3 = 93,750 


.-. 15005 4 = 2000(—30) + 93,750; B 4 = 22.5 V 
v c (t) = —30e““ cos 1500t + 22.5e" 2000t sin 1500 1 V 


[a] u; = — = 


LC (80 x 10- 3 )(0.5 x 10- 6 ) 
R 

a = — = lu 0 = 5000 rad/s 

ZIj 

.-. R = (5000) (2)L = 80011 
[b] *(0) =i L (0) = 30 mA 

,- 3 di ( 0 ) 


= 25 x 10 


6 


u c (0) = 800i(0) + 80 x 10' 


dt 


20 - 800(30 x 10 


—3^ 


80 x 10~ 3 
di( 0) 


di( 0) 
dt 


dt 


= -50 A/s 


[c] v c = Dite~ 5000t + D 2 e- 500M 
v C (0) = D -2 = 20 V 

* c (0) = Dl - 5000B 2 = !o(0) - “ Sl(0) 


dt 


D { - 100,000 = 


C 


C 


30 x 10 


-3 


0.5 x lO" 6 
v c = 40,OOOfe _5000t + 20e _5000i V, 


= -60,000 .' 
t > 0 


t > 0 


D i = 40,000 V/s 



Problems 8-31 


P 8.39 


[a] For t > 0: 


5kfi 


72V 


-VvV 


7.5kfi 
•-wv— 


+ 


0-l^F 


2.5H 


Since i(0 ) = /(0 + ) = 0 
n a (0 + ) = 72V 

[b] v a = 5000/ + 1 6 [ idx + 72 

0.1 x 10~ 6 Jo 

dv n di i- 

—- = 5000— + 10 x 10 6 / 
at dt 

<iv a (0 + ) di(0 + ) f. , , di(0 + ) 

V ; = 5000—+ 10 x 10 6 i(0 + ) = 5000- V ; 


dt dt 

-AAAI = 72 

dt 

di( 0+) 72 

—-— = = -28.8 A/s 

dt 2.5 


dt 


dv a ( 0 + ) 
dt 


= -144,000 V/s 


R 12,500 

[C] a= 2L = W $) =2 
1 1 




= 4 x 10 fc 


LC (2.5)(0.1 x 10- 6 ) 
s 1>2 = -2500 ± V2500 2 - 4 x 10 6 = -2500 ± 1500 rad/s 
Overdamped: 

v a = A ie - lom + A 2 e~ iom 


^a(O) — 72 — A\ + A 2 

dv ^ ) l = -144,000 = -1000A - 4000A 2 
dt 

Solving, Ai = 48; A 2 = 24 

v a = 48e -1000 * + 24e _4000i V, t > 0 + 
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1 

LC 


1 

(10)(4 x 10" 3 ) 


25 


R _ 80 
2L ~ 2(10) ’ 


a 2 = 16 


a 2 < u 2 .'. underdamped 
Si ;2 = —4 ± jV 9 = —4 ± j 3 rad/s 
i = Bie~ At cos 3 1 + B 2 e~ 4t sin 3 1 


i(0) = B l = -240/100 = -2.4 A 

di . . 

— ( 0 ) = 3B 2 - ABi = 0 
.-. B 2 = —3.2 A 

% = — 2.4e~ 4t cos3t — 3.2 sin 3t A, t> 0 



240 240 „ 

^ ^ “ 8 + 30||70 + 11 “ ~40~ “ 

70 

u o (0) = 240 - 8(6) - — (6)(20) = 108 V 




Problems 8-33 


P 8.42 


t > 0: 


nn 



+ + 


-L v 108V 

O 


R 20 


a = — = 


2 L 2 ( 1 ) 


= 10, a 2 = 100 




LC (1)(5 x 10- 3 ) 


= 200 


u 2 0 > a 2 underdamped 


s 1)2 = -100 ± \/100 - 200 = -10 ± j 10 rad/s 


v 0 = B x e~ XQt cos lOt + B 2 e~ wt sin lOt 


- 10 1 , 


v o (0) = B X = 108 V 


r A v o, n , „ dv Q -6 

c lu {0) = “ 6 - lu = 5VT0-3 


— = -1200 V/s 


dv Q 

dt 


(0) = -10 B 1 + 105 2 = -1200 


105 2 = -1200 + lOfii = -1200 + 1080; B 2 = -120/10 = -12 V 


v 0 = 108e 1W cos lOt — 12e 10t sinl0tV, t > 0 


[a] t < 0: 


In = 


80 

800 


= 100 mA; v 0 = 500t o = (500) (0.01) = 50 V 


t > 0: 


a - — 


500 


ox 2 = 


2 L 2(2.5 x lO- 3 ) 

1 1 


= 10 5 rad/s 


° LC (2.5 x 10"3)(40 x 10" 9 ) 


= 100 x 10 8 


2 2 
OL = UX 


critically damped 
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t > 0 


i 0 (t) = Dite 1QJ< 4 - D 2 e 1QJ * 
i o (0) = D 2 = 100 mA 

din , . 

-£(0) = -aD 2 + D 1 = 0 

D\ = 10 5 (100 x 10" 3 ) = 10,000 
i Q (t) = 10,000 te~ wH + 0.1e" lo5t A, 

[b] v a (t) = D 3 te~ lo5t + D 4 e- w5t 
v o (0) =B 4 = 50 

c"4(0) = - 0.1 

w (0> = ioi°nF5 = ~ 25 x 105 v/s = ~ aDa+ ° 3 

D 3 = 10 s ( 50) - 25 x 10 5 = 25 x 10 5 
v a (t) = 25 x 10 5 te _1 ° 5 * + 50e _1 ° 5t V, t > 0 

a = — = — = 4000 rad/s 

2 L 2 ( 1 ) 


<4 = 


LC (1)(50 x 10" 9 ) 


= 20 x 10 ' 


6 


s 1)2 = -4000 ± V4000 2 - 20 x 10 6 = -4000 ± j2000 rad/s 


v 0 = V f + £>(e uuu cos 2000t + ^e~ 4 UUUt sin2000t 
u o (0) = 0 — Vf + B[ 


v 0 (oo) = 80 V; B[ = —80 V 

<k ^ ) l = 0 = 2000^ - 4000B( 
dt 2 1 

2000^2 = 4000(—80) B' 2 = -160 V 

v 0 = 80 - 80e _4000t cos 2000 t - 160e" 400W sin 2000 t V, t > 0 



Problems 8-35 


P 8.44 1 < 0: 



v (0) j isn 


«°> = ^r = - 5A 


u c (0) = 18i L (0) = -90 V 


t > 0 : 



R 10 

a = — = — - r = 50 rad/s 

2 L 2(0.1) 


^o = 


LC (0.1)(2 x IQ" 3 ) 


= 5000 


UJn > Oi 


underdamped 


si 2 = -50 ± V50 2 - 5000 = -50 ± j50 


v c = 60 + B[e 50t cos 501 + B' 2 e 5Ut sin 501 


u c (0) = -90 = 60 + B[ 


B\ = -150 


dv c , , dv r , . —5 

c 4< 0) = - 5i 4 (0) = 2^ = - 2500 


-(0) = -50 B[ + 50 B 2 = -2500 


B' 2 = -200 


v c = 60 - 150e -50 * cos 501 - 200e" 5W sin 501V, 1 > 0 
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P 8.46 


*c(0) = 0; u o (0) = 50 V 

8000 


R 

a = — = 




2 L 2(160 x 10 " 3 ) 

1 1 


= 25,000 rad/s 


LC (160 x 10- 3 )(10 x lO" 9 ) 

critical damping 


= 625 x 10' 


6 


2 2 
a =W D ; 


v 0 (t) = V f + D'je- 25 ’ 00 ™ + D' 2 e- 25fi00t 


V f = 250 V 

v o (0) = 250 + D' 2 = 50; D 2 = -200 V 

(IV 

— -(0) = -25,000D' 2 + D[ = 0 

CLL 

D[ = 25,000^ - 5 x 10 6 V/s 


v 0 = 250 - 5 x 10 6 te" 25 ’ OOM - 200e" 25 ’ ooot V, t > 0 
[a] t < 0: 10kn 20kfi ij 0 !!. 

-Wv 



iJ 0 ) =-— = 4mA 

oV ; 30,000 

v c (0") = 80 - (10,000)(0.004) = 40 V 
t = 0 +: 



40Vf 



©40V 


5kO||20kr2 = 4kO 

v o (0 + ) = —(0.004)(4000) + 40 = 40 - 16 = 24V 



Problems 8-37 


P 8.47 


[b] v a (t) = v c - 4000* o 

^(0 + ) = ^(0+)-4000§(0+) 
at at at 


cfoc . _ -4 x 10 3 

dt 1 } ~ (125/64) x IQ " 6 


= -2048 V/s 


—^l( 0 + ) + n o (0 + ) + 40 = 0 v L = 64 V 
ch 

£r) = £ = 12.8A/, 

dv 

— -(0+) = -2048 -4000(12.8) = -53,248 V/s 

LLL 


W = 77^ = 


LC (5) [(125/64) x 10~ 6 ] 
R 4000 




= 400 rad/s; 


= 10.24 x 10 4 


a 2 = 16 x 10 4 


2 L 2(5) 

a 2 > uo 2 overdamped 

Si 2 = —400 ± 240 rad/s 
v Q (t) = V f + A/e” 160 * + A/e” 640 * 

Vf = v 0 (oo) = —40 V 
-40 + A/ + A/ = 24 
-160A/ - 610.4/ = -53,248 
Solving, A/ = -25.6; A/ = 89.6 
.-. v a (t) = -40 - 25.6e” 160 * + 89.6e” 640 * V, 

[a] v c = Vf + [B[ cos c o d t + B' 2 sin u d t} e 
dv 

= [( u d B' 2 - aB[) cosLV d t - ( aB' 2 + u d B[) sine o d t\e 


Since the initial stored energy is zero, 

/ +\ , dv c (0 + ) 

n c ( 0 + ) = 0 and ——— = 0 

It follows that B\ = —Vf and B' 2 = 


t > 0 + 


—at 


—at 


aB[ 

u d 
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When these values are substituted into the expression for [dv c /dt], we get 

dv c fa 2 ^ 
dt l c o d 


+ c Od I Vfe at sin u d t 


a 


But Vf — V and -—he o d = 


Wd 


^ 

Wd U d 


Therefore = ( —) Ve at sin u d t 
dt \u d ) 

dv c 

[b] -rf = 0 when sin uj d t = 0, or u) d t = nn 
dt 

where n = 0,1, 2, 3,... 

m „ mr 

Therefore t = — 

u d 

T17T 

[c] When t n = —, cos u d t n = cosnn = (— l) n 

u d 

and sin c o d t = sin nn = 0 
Therefore v c (t n ) = V[1 - (-lfe" 0 ”^] 

[d] It follows from [c] that 

vfa) = V + Ve- {an, “ d) and v c (t 3 ) = V + Ve~ {3a ^ /uJd) 


Therefore 


: (ti) - V e-iowMO 


v, 


: (t 3 ) ~ V e -(.3crtt/uJ d ) 


— e (2a?r /wd) 


2n m 1 , V c (ti) - V] 

But — = t 3 -ti = T d , thus a = — in - T 

Ud T d [v c (t 3 )-V \ 

1 , \ v c (t i) - V} 3n n 2n 

a = — \n\ —— -— \ ; T d = t 3 -t x = — - - = — ms 

T d \v c (t 3 )-V\ 7 7 7 


7000 , 

a =- in 

2 vr 


63.84 


26.02 


2n 

1000; LU d = — = 7000 rad/s 
T d 


u 2 = uj 2 d + a 2 = 49 x 10 b + 10 b = 50 x 10 b 


L = 


(50 x 10 6 )(0.1 x 10- 6 ) 


= 200 mH; R = 2aL = 40011 



Problems 8-39 


P 8.49 


P 8.50 


[a] Let i be the current in the direction of the voltage drop v 0 (t). Then by hypothesis 

i = if + B[e~ at cos u d t + B 2 e~ at sin u d t 

if = i(oo) = 0 , i( 0 ) = \ = B 'i 


Therefore i — B[e at cos u d t + B' 2 e ot sin u d t 


/ „—OLt , 


T di{0) _ 
L dt 


, r di( 0 ) 

therefore -= 0 

dt 


dx 

— = [( u d B 2 - aB[) cosc o d t - ( aB 2 + u d B[) sineu d t] e~ at 

(y cy V 

Therefore u d B 2 — aB[ = 0; B' 2 = B\ — ® 

LUd (Vd dt 


Therefore 

-4-(‘ 


'a 2 V t , u d V,\ . „ 

+ _\ anu ^ e 


—at 


LV n (a 2 


i R \u d 

V a L (a 2 + u 2 


-he o d \ sine u d t > e 


—at 


R 

V n 


^d 


d ' e at sin LUdt 


v n = 


9 „—at 


RCu, 


sine o d tV, t > 0 + 


d 


[b] 


dv Q 

dt 


V n 


- ^ {u d cos u d t - a sin u d t}e 


—at 


dv Q u d 

—— = 0 when tan u d t = — 
dt a 

Therefore u d t = tan _ 1 (eud/a) (smallest t) 


t = — tan 1 (— 
u d \a 


[a] From Problem 8.49 we have 

Vq —tyf . , 

v ° = ,' e sm u d t 

itGcUd 


a- R 


4800 


U^ = 


2 L 2(64 x 10- 3 ) 

1 1 


= 37,500 rad/s 


LC (64 x 10 - 3 ) (4 x 10- 9 ) 


= 3906.25 x 10 b 
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c o d = \ u> 2 — a 2 = 50 krad/s 


-V a 


-(-72) 


= 75 


RCuj d (4800)(4 x 10” 9 )(50 x 10 3 ) 
v 0 = 75e" 37 ’ 50W sin 50,000/ V, / > 0 

[b] From Problem 8.49 


t d — tan 1 (—^ = 
Ud 


1 tau-'l 50 ’ 000 


37,500 


a J 50,000 

t d = 18.55 /is 

[c] tWx = 75e _0 ' 0375{18 ' 55) sin[(0.05) (18.55)] = 29.93 V 

[d] R = 48012; a = 3750 rad/s 

uj d = 62,387.4 rad/s 

v 0 = 601.08e _3750< sin 62,387.4/ V, / > 0 
t d = 24.22/is 
tWx = 547.92 V 

fai d v ° — 1 v 

dt 2 R 1 C 1 R 2 C 2 9 


10 


-6 


R^xR-iCi (100)(400)(0.5)(0.2) x 10 ~ 6 x 10 ~ 6 
• d2v ° 9 cm 

■■ -w = 2Mv < 

0 <t< 0.5": 


v g = 80 mV 


= 250 


d 2 v 0 
dt 2 


= 20 


Let g(t) = 


dv 0 

dt 


rad) ft 

/ dx = 20 / dy 
Jg{ o) J o 


then ^ = 20 or dg — 20 dt 
dt 


dv Q 


g(t) - g(o) = 20/, 9 ( o) = ^(o) = o 

/ x dv 0 
S (t) = ^ = 20 1 



Problems 8-41 


dv 0 = 20 tdt 

fv a (t) rt 

lv 0 ( 0) JO 

v 0 (t) = iot 2 \, o <t < o.5" 
dv a i 1 


/ dx — 20 / x dx] v Q (t) — v o (0) = 10t 2 , 
Jvn(o) Jo 


dt RiCi 

dv Q i = —1.6 c/t 

rv 0 i(t) 


v n = —20y o = —1.6 


dx = —1.6 / dy 
Jv 0 i(o) do 

^oi(t) - Voi(0) = —1.6t, Voi(0) = 0 

v c i(t) = — 1.6t V, 0 < t < 0.5” 

0.5+ < t < t sat : 

d 2 v 0 
dt 2 

dg{t ) 
dt 
rad) 


= - 10 , 

= - 10 ; 


, / \ dv 0 

let »w = if 


dg(£) = —10 dt 


'9(0.5+) 


da; = —10 


/0.5 


dy 


y(t) - y(0.5 + ) = -10(t - 0.5) = -lOt + 5 
dv o (0.5 + ) 


d(0.5 + ) = 


dt 

0 — v o i(0.5 + ) 


C > 5+ >- 400 X 103 

v ol (0.5 + ) = u o (0.5“) = —1.6(0.5) = -0.80 V 
t dv 0 ( 0.5+) 0.80 


C- 


dt 


0.4 x 10 6 


= 2/rA 


dv Q . ,. 2 x 10 6 . 

—^0.5+ = -- = lOV/s 

dt v ' 0.2 x 10~ 6 ' 

g(t) = -lOt + 5 + 10 = -lOt + 15 = ^ 
v ’ dt 


dv 0 = —lOt dt + 15 dt 

J —10 y dy + J 15 dy 


rv 0 {t) rt 

/ dx = 

/Do (0.5+) 


v o (0) = 0 
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v 0 (t) - v o (0.5 + ) = -5 y 2 


0.5 


+ 1 % 


0.5 


v 0 (t) = u o (0.5 + ) - 5 1 2 + 1.25 + 15 1 - 7.5 
v o (0.5 + ) = v o (0.5~) = 2.5 V 


v 0 (t) = -5t 2 + 15t- 3.75 V, 
dv„ i 


dt 


0.5 ^ i ^ tsat 
= —20(—0.04) = 0.8, 0.5+ < t < t s at 


rv 0 l(t) rt 

dv 0 \ = 0.8 dt; / dx = 0.8 / dii 

Jv ol (0.5+) J 0.5+ 


rv 0 i(t) 

I Vo i(0.5+) 

v 0 i{t) - v o i(0.5 + ) = 0.8t - 0.4; u o i(0.5 + ) = u o i(0.5“) = -0.8 V 

.-. v ol (t) = 0.8t-1.2V, 0.5 + < t < t sat 

Summary: 

0 < t < 0.5 _ s : v ol = —1.6tV, v 0 = 10t 2 V 

0.5 + s < t < tsat : v ol = 0.8 1 - 1.2 V, v Q = -5 t 2 + 15 1 - 3.75 V 

[b] -12.5 = -5 t 2 + 15t sat - 3.75 


.'. 54 t - 15t sat - 8.75 = 0 
Solving, t sat = 3.5 sec 
foi(tsat) = 0.8(3.5) - 1.2 = 1.6 V 
T \ = (10 6 )(0.5 x 10" 6 ) = 0.50s 

1 = 2; r 2 = (5 x 10 6 )(0.2 x 10" 6 ) = Is; 

T\ 


d 2 V n dv n 

-w +3 A + 2 ^ = 20 


t 2 


s 2 + 3s 4- 2 = 0 


(s + l)(s + 2) — 0; Si — —1, s 2 — —2 

20 

v 0 = V f + A\e~ l + 7L' 2 e- 2t ; V f = — = 10 V 


v 0 — 10 + A\e * 4- ^4 2 e 2t 



Problems 8-43 


« 0 (o) = 0 = 10 + a; + a ' 2 \ ^(0) = 0 = -a; 

A[ = -20, A' 2 = 10V 

v 0 (t) = 10 - 20e _t + 10e _2t V, 0 < t < 0.5 s 

^ + 2v ol = -1.6; v ol = -0.8 + 0.8e- 2 *' 

at 

v o (0.5) = 10 - 20e -0 ' 5 + 10e _1 = 1.55 V 
u ol (0.5) = -0.8 + 0.8c" 1 = -0.51 V 
At t — 0.5 s 


5MQ 



0 + 0.51 1.55-0 . 

?C “ 400 x 10 3 ~~ 5 x 10 6 ~ ' ° 11 


C^ = 0.954 mA; ^ = —= 4.773 V/s 
dt ‘ ’ dt 0.2 ' 


t > 0.5 s 


d 2 v a dv„ 

— + 3- + 2 Vo = - W 


v 0 { oo) = -5 

.'. Vo = -5 + A[e-^ + A' 2 e~ 2 ^ 


2A 2 


0 < t < 0.5 s 


1.55V 


1.55 = -5 + A[ + A' 2 
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^(0.5) = 4.773 = —A[ — 2A' 2 
\ A\ + A' 2 = 6.55; -a; - 2A 2 = 4.773 


Solving, 

A[ = 17.87 V; A' 2 = - 11.32 V 

.-. v 0 = -5 + 17.87e- (t - a5) - 11.32 e - 2( *" 0 - 5) V, t > 0.5 s 


dv 0 1 
dt 


+ 2n 0 i 


0.8 


u ol = 0.4 + (-0.51 - 0.4)e~ 2(t ~ a5) = 0.4 - 0.91e~ 2(t ~ a5) V, 


t > 0.5 s 


P 8.53 At t — 0 the voltage across each capacitor is zero. It follows that since the 

operational amplifiers are ideal, the current in the 500 kfl is zero. Therefore there 
cannot be an instantaneous change in the current in the 1 pF capacitor. Since the 
capacitor current equals C(dv Q /dt), the derivative must be zero. 

d 2 v 

P 8.54 [a] From Example 8.13 -—° = 2 

dt 2 

therefore ^=2, g{t) = ^ 
dt dt 

9(t) - g(0) = 2t; g(t) = 2t + g(0); 


9(0) = 


dv 0 ( 0) 
dt 


—ih— / 



- 

500kQ 

V 0A 

*--< 

(2- 


+ _ ^ 

5V 1 R 0V 


; ; 


— -x 10 

500 


-3 


1 /jA = ic = —C 


dv 0 ( 0) 
dt 


dv 0 ( 0) 
dt 
dv 0 
dt 

dv Q = 


-1 x HT 6 
1 x 10- 6 

2t- 1 

2 1 dt — dt 


-1 = 0 ( 0 ) 


Vo - n o (0) =t 2 -t; v o (0) = 8 V 

v 0 = t 2 - t + 8, 0 < t < t saX 



Problems 8-45 


[b] t 2 — t + 8 = 9 
t 2 -t- 1 = 0 

t= (1/2) ±(VE/2) = 1.62 s, f sat ^ 1.62 s 
(Negative value has no physical significance.) 


P 8.55 Part (1) — Example 8.14, with R\ and R 2 removed: 


[a] R a = 100 kO; = 0.1/rF; 

d 2v 0 _ ( 1 W 1 \ 
df 2 “ \R a Cj \R h C 2 J 

v g = 250 x 10 -3 ; therefore 


f?b — 
1 

FLCi 

d 2 v 0 

dt 2 


25 kO; 
= 100 

1000 


^2 


1 

ftiA 


1 /jF 
40 


[b] Since u o (0) = 0 = 


cMO) 

dt 


our solution is v„ 


The second op-amp will saturate when 


500t 2 V 


v Q = 6 V, or f S at = ^6/500 = 0.1095 s 


[c] 

[d] 


“ ~R^C\ V(J 

Since n o i(0) = 0, u 0 i = —25 fV 


At t = 0.1095 s, v D i ^ -2.74 V 


Therefore the second amplifier saturates before the first amplifier saturates. 
Our expressions are valid for 0 < t < 0.1095 s. Once the second op-amp 
saturates, our linear model is no longer valid. 


Part (2) — Example 8.14 with u o i(0) = —2V and u o (0) = 4 V: 


[a] Initial conditions will not change the differential equation; hence the equation is 

the same as Example 8.14. 

[b] Vo = 5 + A' ie - 10t + A' 2 e~ m (from Example 8.14) 

n o (0) =4 = 5 + A'i + A 2 
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i5o +! c(° + )-| = ° 

• /n+A 4 a ^>o(° + ) 

* c (o + ) — Yoo mA = c rt 


dv o (0 + ) 

0.04 x 10 

-3 

An V/« 

dt 

io - 6 


V / 3 

dv 0 

dt 

■10 A[e~ 10t - 

20v4' 2 

,e _2W 

duo + 
dt K 

1 

o 

T —1 

1 

20^2 

= 40 

Therefore —A\ — 2 A' 2 

, = 4 

and 


Thus, A\ = 2 and A' 2 = —3 
v 0 = 5 + 2e~ 10t - 3e~ m V, t> 0 

[c] Same as Example 8.14: 

dv 0 1 


dt 


+ 20i’ o i = —25 


[d] From Example 8.14: 

u 0 i(oo) = —1.25 V; Ui(0) = —2V (given) 

Therefore 

v 0 \ = -1.25 + (-2 + 1.25)e _20i = -1.25 - 0.75e" 20t V, t> 0 

[a] 

C vb C 



^ dv a V a — Vo t’a 

+ ^ + S = ° 

dv a Vr, 

(1) Therefore ——h 


dt RC 2RC 
dv b w a „ 
dt + “ ’ Va “ 


0 - n a + c ^(0-<) = Q 


R 

-RC ^ 
dt 


dt 


(2) Therefore 



Problems 8-47 


P 8.57 


2t' b ^du b 
7? dt 


(3) Therefore 


rfK -t> Q ) = 
dt 

dv b v b 
dt + RC 


From (2) we have 


dv, 


1 dv 0 

2 dt 

d 2 v b 


/ = -RC^dC and 
dt dt 2 


When these are substituted into (1) we get 

r4 x _ _ dv ^ = 

K } dt 2 dt 2 RC 

Now differentiate (3) to get 

dv b 1 d 2 v a 

2 dt 2 

But from (4) we have 

dt’ b V„ 


(5) ^ + — 

W dt 2 dt 


r6) 1 

dt 2 RC dt 


2K 2 C 2 


-RC 


dv b 
dt 


Now substitute (6) into (5) 

d 2 v 0 _ Vg 

dt 2 - - R 2 C 2 

[b] When = R 2 C 2 = RC : 


d?V n 


dt 2 K 2 C 2 

The two equations are the same except for a reversal in algebraic sign, 
[c] Two integrations of the input signal with one operational amplifier. 


[a] /(t) = inertial force + frictional force + spring force 



= M[d 2 x / dt 2 } + D[dx/dt] + Kx 
f_ _ (D\ fdx\ _ /K\ 

M ~ \MJ y dt J ~ \m) X 


Given 


d 2 x 



then 


vb 


1 C / d 2 x\ 

~R\C[ Jo {chj 2 ) 


dy 


1 dx 
R. \C\ dt 


v c 


1 

~R 2 C 2 



1 

RxR- 2 CiC 2 X 


i ?3 t?3 dx 

Ri B R 4 R 1 C 1 dt 
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v E = 


V F = 


R5 + R<> 


-Rr 


Vc = 


R~> + R(, 

Rr 


RIR2CIC2 


X 


R’j j 

Therefore 


/(f), v A = -(v D + V E + V F ) 


d 2 x 

Rg 

fit)- 

\ Ri 1 

dx 

i?5 + i?6 

dt 2 


.i? 4 i?lCi_ 

dt 

. i?g R 1 i?2 C\ C 2 . 


X 


Rv 

Therefore M — —, 
it 8 


D = 


R3R7 


R%R±R\Ci 


and K = 


Rv(R5 + Rr) 
Rr Rr R 1 Rr C 1 C2 


Box Number 

Function 

1 

inverting and scaling 

2 

inverting and scaling 

3 

integrating and scaling 

4 

integrating and scaling 

5 

inverting and scaling 

6 

noninverting and scaling 


[a] Given that the current response is underdamped we know i will be of the form 

i — If + [B\ cosc o d t + B' 2 smui d f\e~ at 



R 

where 

a = — 


2 L 

and 

u d = JlJ 2 


a 2 = 


I 1 
LC 


cr 


The capacitor will force the final value of i to be zero, therefore // = 0. 

By hypothesis i(0 + ) = V/./ It therefore B\ = V dc /R. 

At t = 0 + the voltage across the primary winding is zero hence di(0 + )/dt = 0. 
From our equation for i we have 

dx 

— = [{u d B' 2 - aB[) coscu rf f - ( u d B[ + aB 2 ) sine n d t]e~ at 

Hence 
di( 0 + ) 
dt 

Thus 

a 

2 1 

It follows directly that 

i/fc , . I — a t 

1 = — cos c o d t H-sm u} d t 1 ~ 

it L C o d 


= cu^iT, — oB\ = 0 
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[b] Since c UdB[ — aB[ = 0 it follows that 

dx 

— = -(c o d B[ + aB 2 )e~ at sin u d t 


But aB'r, = 


a 2 K 


uj d R 


dc , i )/ ^dVdc 

and — 


R 


Therefore 


u d B 2 T aB 2 — 


,/ ^dVdc O! V dc V dc 


R u d R R 


^d 


But u d + a = u Q = — 


Hence 

u d B l T aB 2 = 


V dc 


u d RLC 


di 


Now since v\ = L — we get 
dt 


v\ = —L 


Vdc —at _ • , . / Vic —at 


u d RLC 


e sin u d t = 


u d RC 


e sin Udt 


[c] v c = V dc ~ iR - L 


di 

dt 


a 


iR = Vdc ( cos u d t H-sin u d t ) e 

LVd 


a 


—at 


V c = v dc - v dc COS u d t H-sin u d t e at H-— e ,sincu d t 






u d RC 


= V dc ~ V dc e at cos u d t + 


= V dc 


( V dc CvVdc\ _ at . 

—tt - e sin U d t 

\u d RC u d J 


1 / 1 


1 — e cos Udt H-—— — ale " sin u d t 


u d \RC 

= V dc [1 — e~ at cos u d t + Ke~ at sina^t] 


V.sp — V d c 

dv 


1 - 


e at sin Udt 


u d RC 


sp aVdc d r _ , . , 

- Tr[e sin u d t\ 


dt u d RC dt 

_ -aVdc 
u d RC 

_ aV dc e~ at 
UdRC 


[—ae at sin u d t + u d cos u d te at ] 
[a sin u d t — u d cos u d t] 
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dv sp 

dt 


0 when a sin uj d t = u> d cos c o d t 


uj d 

or tan uj d t = —; 

a 


c o d t = tan 1 (— 
V a 


fmax 


tan 


Ud 


-I ( d 

a 


Note that because tan 6 is periodic, i.e., tan 6 = tan(Yi ± n7r), where n is an integer, 
there are an infinite number of solutions for t where dv sp /dt = 0, that is 

tan -1 (u;d/ a) ± mr 

t= A. 

Because of e~ at in the expression for v sp and knowing t > 0 we know v sp will be 
maximum when t has its smallest positive value. Hence 

_ tan _1 (cu rf /a) 

C'max • 

U d 


[a] v c = V dc [l — e at cos uj d t + Ke at sin uj d t] 
dv r d r 

= VY C —[1 + e at (K sin u d t - cos a > d t)\ 


= V dc {(-ae at )(K sin co d t - cosuj d t)+ 
e~ at [u d K cos u> d t + uj d sincurft]} 

= V dc e~ at [(io d - aK) sin u d t + (a + c o d K) cosc o d t\ 

dv 

= 0 when ( u d — aK) sine o d t = — (a + c o d K) cosu) d t 


or tanc o d t = 


uj d t ± nn = tan 


a + c o d K 
[aK — oj d . 

a + u) d K 


-l 


aK — u d _ 

tr= — [tan - 1 ( a + u * K \ ± nn \ 

u d l Kali — u d J J 
R 4 x 10 3 


a 2 L 


= 666.67rad/s 


/10 9 

Ud= \T2~ ( 666 - 67 ) 2 = 28 > 859 - 81rad/s 
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K = ±' 1 


a) = 21.63 


u d \RC 

1 1 
t c — — {tan _1 (—43.29) + mr\ = —{—1.55 + nn} 

U d 1 J u d 

The smallest positive value of t occurs when n — 1, therefore 


fcmax 00.23 /iS 

[b] v c (t cmax ) = 12[1 - e _atcmax cosco d f cmax + 

= 262.42 V 


sin Lo d t c 


[c] From the text example the voltage across the spark plug reaches its maximum 
value in 53.63 /rs. If the spark plug does not fire the capacitor voltage peaks in 
55.23 yus. When v sp is maximum the voltage across the capacitor is 262.15 V. 
If the spark plug does not fire the capacitor voltage reaches 262.42 V. 

[a] w = ^L[i( 0 + )] 2 = ^(5)(16) x 10~ 3 = 40mJ 

/? Q y in*® 

[b] a = — = = 300 rad/s 

ZIj 1 u 


io 9 


u d = 

1 


1.25 
10 6 4 x 10 6 


(300) 2 = 28,282.68 rad/s 


RC 0.75 3 

t ma.v = - tan” 1 (— ) = 55.16 yUS 

u d V a 


^sp (tmax) 12 


12(50)(4 x 10 6 ) 


at n 


3(28,282.68) 

[c] v c (t max ) = 12[1 - e” Qlmax cos u d t max + Ke 


sin (jJ d tmax = —27,808.04 V 


-at n 


sin c v d U 


K = — 


— a 


c o d [RC 
V C (fmax) = 568.15 V 


= 47.13 
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Sinusoidal Steady State Analysis 


Assessment Problems 

AP 9.1 [a] V = 170 /-40 0 V 

[b] 10 sin(1000f + 20°) = 10 cos(1000t - 70°) 

I = 1Q /-7Q° A 

[c] I = 5 /36.87° + 10 7-53.13° 

= 4 + j3 + 6- jS = 10 -.75 = 11.18 7-26.57° A 

[d] sin(20,0007rt + 30°) = cos(20,0007rf - 60°) 

Thus, 

V = 300/45° - 100 /-60° = 212.13 + j212.13 - (50 - j86.60) 
= 162.13 +j298.73 = 339.90 /61.51° mV 

AP 9.2 [a] v = 18.6 cos(ut - 54°) V 

[b] I = 20/45/ - 50 /- 30° = 14.14 + j'14.14 - 43.3 + j25 

= -29.16 + j'39.14 = 48.81 /126.68° 

Therefore i = 48.81 cos(c ot + 126.68°) mA 

[c] V = 20 + j80 - 30/15/ = 20 + j80 - 28.98 - j7.76 

= -8.98 + j'72.24 = 72.79 /97.08° 

v = 72.79 cos(cuf +97.08°) V 


AP 9.3 [a] uL = (10 4 )(20 x 10" 3 ) = 20011 
[b] Zl = juL = j200 H 


9-1 
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[c] \ L = I Z L = (10/30°)(200/90°) x 10~ 3 = 2 /120° V 

[d] v L = 2 cos(10,0002 + 120°) V 

AP 9.4 [a] X c = ^ = -——-- = -50 ft 

uC 4000(5 x IQ" 6 ) 


[b] Z c = jX c = — j'50 


30/25° 


= 0.6/115° A 


Z c 50 /—90° '- 

[d] i = 0.6 cos(4000t + 115°) A 

AP 9.5 Ii = 100/25/ = 90.63 + j42.26 

1 2 = 100 /145° = -81.92 + j57.36 

1 3 = 100 /—95° = -8.72 - j99.62 

1 4 = — (Ii + I 2 + I 3 ) = (0 + j0) A, therefore i 4 = 0 A 




But -60 -67 = -105° 


.'. 0z = 45° 


Z = 90 + jim + jXc 

• Ac = -7012; Xc = -^ = -70 

ujC 


C =——-- = 2.86 uF 

(70)(5000) P 


[b] I 


V s _ 125 /—60° 
~Z ~ (90 + j'90) 


= 0.982 /—105° A; 


AP 9.7 [a] 


III = 0.982 A 



u = 2000 rad/s 


cuL = 1012, —— = —2012 

uC 

Z xy = 20||jio + 5 + j20 = (20 + +10) + 5 ~ “ ?20 
= 4 + j8 + 5 - j20 = (9 - j 12) 12 



Problems 9-3 


[b] luL = 40 fl, —— = — 5 fl 

00 C 


Z xy = 5 — j'5 + 201| j40 = 5 — j'5 + 


(20)(j40) 
20 + j40 


= 5 - jb + 16 + j 8 = (21 + j 3) O 


[c] A;. ,7 


20 (juL) 


+ 5- 


^ [20 + jccLj V 25c;; 

20cc 2 L 2 j400o,'L jlO 6 

“ 400 + cc 2 L 2 + 400 + cc 2 L 2 + “ 25c; 

The impedance will be purely resistive when the j terms cancel, i.e., 

400ccL _ 10 6 
400 + uo 2 L 2 ~ 25cJ 
Solving for c 0 yields 00 = 4000 rad/s. 

20cc 2 L 2 

[d] z “ s= ioo+^w +5 = 10 + 5 = 15n 


AP 9.8 The frequency 4000 rad/s was found to give Z xy = 15 0 in Assessment Problem 9.7. 
Thus, 


y = 150/tP, I s = 


150/tP 


= 10/tP A 


Using current division, 


I L =-(10) = 5 - jb = 7.07/-45 0 A 

20 + j20 y ’ J L - 


i L = 7.07 cos(4000f - 45°) A, I m = 7.07 A 


AP 9.9 After replacing the delta made up of the 50 Q, 40 U, and 10 U resistors with its 
equivalent wye, the circuit becomes 
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AP 9.10 


The circuit is further simplified by combining the parallel branches, 

(20 + j40) || (5 - jl5) = (12 - jl 6 ) 0 

Therefore I =- 136/0_ -= 4/28.07° A 

14 + 12 - 7 16 + 4 L - 

Vi = 240 /53.13° = 144 + jl92 V 

V 2 = 96 /—90° = — j'96 V 

jcoL = j(4000)(15 x 10" 3 ) = j'60 O 

1 . 6xl0 6 

( A AAA\ /or \ “ 


juC J (4000) (25) 

Perform source transformations: 
Vi 144 + j 192 


j 60 

V 2 


j 60 


= 3.2 — j'2.4 A 


.96 


= —j — = — 74.8 A 

20 J 20 


3.2 - j 2.4 A(4) 


f j 6 □ n 


3 on T-jeon |2on (t)-j4.8A 


Combine the parallel impedances: 

11 1 1 j'5 1 


Y = 


j’60 30 — j’60 20 jW 12 


Z = — = 12 ft 


+ 

v 


12 fi 


V 0 = 12(3.2 + j2.4) = 38.4 + j28.8 V = 48 /36.87° V 
v 0 = 48 cos(4000f + 36.87°) V 





Problems 9-5 


AP 9.11 Use the lower node as the reference node. Let Vi = node voltage across the 20 il 
resistor and V Th = node voltage across the capacitor. Writing the node voltage 
equations gives us 


Vi 

20 


2/45° + 


Vi ~ 10Ix 
3 10 


0 and V T h = 


-jio 

10-jlQ 


( 101 , 


We also have 


I, 


Vi 

20 


Solving these equations for V Th gives V Th = 10/45° U. To find the Thevenin 
impedance, we remove the independent current source and apply a test voltage 
source at the terminals a, b. Thus 


jion 


ion 



It follows from the circuit that 


101, = (20 + jl0)I, 


Therefore 

I, = 0 and I T = 


\ T \ T 

+ -rrr 


-j 10 10 


Z T]l = —, therefore Z Th = (5 — j 5) U 

I T 


AP 9.12 The phasor domain circuit is as shown in the following diagram: 


b 5n : 

+ 

> 

£ V 

: -j(20/9)n | 

-VA- 

2 on 

\5Q (j 


w 




(T)100/-90°V 
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The node voltage equation is 


_ V V V V - 100 /-90 0 

+ 5 + -j(20/9) + ]5 + 20 

Therefore V = 10 - j30 = 31.62 /-71.57 0 
Therefore v = 31.62 cos(50,000t - 71.57°) V 


0 


AP 9.13 Let I a , lb, and I c be the three clockwise mesh currents going from left to right. 
Summing the voltages around meshes a and b gives 

33.8 = (1 + j2)I a + (3 — j5)(I a — I b ) 

and 

0 = (3 — j'5)(I b — I a ) + 2(I b — I c ). 

But 


V x = — j5(I a - I b ), 
therefore 


I c = —0.75[—j5(I a — I b )]. 


Solving for I = I a = 29 + j2 = 29.07 /3.95° A. 

AP 9.14 [a] M = 0.4^0.0625 = 0.1 H, uM = 8011 

Z 22 = 40 + j800(0.125) + 360 + j800(0.25) = (400 + j300) fl 
Therefore |Z 22 | = 500 ft, Z* 22 = (400 - j300) 12 


Zr = S ) 2 (40 ° “ -? 300 ) = ( 10 - 24 - ^ 7 - 68 ) 


[b] I 


245.20 


i — 


184 + 100 + j'400 + Z r 


= 0.50 /- 53.13° A 


H = 0.5 cos(800t — 53.13°) A 


[c] I 2 


( jvM \ 
V Z 22 ) 


Ii 


J80 

500 /36.87° 


(0.5 /-53.13°) 


0.08/0/A 


i 2 = 80 cos 8002 mA 



Problems 9-7 


AP 9.15 i! = 

Vi = 

V 2 = 

I 2 = 


25 x 10 3 ^f 


Z x + Z 2 /a 2 1500 + j'6000 + (25) 2 (4 - jUA) 

= 4 + j3 = 5 /36.87° A 


V s - Z x I x = 25,000/T - (4 + j3) (1500 + j6000) 


= 37,000 - j28,500 


25 


V! = -1480 + jlUO = 1868.15 /142.39° V 


V 2 _ 1868.15 /142.39° 
Z 2 4 — jl4.4 


= 125 /- 143.13° A 


Also, I 2 = -25 h 
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Problems 


P 9.1 [a] uj — 2vr/ = 3769.91 rad/s, / = = 600 Hz 

Z7T 

[b] T — Iff — 1.67ms 
[C] Kn = 10 V 

[d] u(0) = 10cos(—53.13°) = 6V 

[e] 0 = -53.13°; 0 = ~° 3,13 ^ ^ = -0.9273 rad 

r : 360° 

[f] V — 0 when 3769.917 — 53.13° = 90°. Now resolve the units: 

143.13° 

(3769.91 rad/s)f = = 2.498 rad, t = 662.64/rs 

[g] (dv/dt) = (—10)3769.91 sin(3769.91f — 53.13°) 

(dv/dt) = 0 when 3769.91t - 53.13° = 0° 

53 13° 

or 3769.91t = ——- = 0.9273 rad 
57.3°/rad 

Therefore t = 245.97 /is 
fl r T / 2 2n 

P 9.2 Kms = J 0 V m Shl2 Y f ^ 




v 2 r T / 2 

v m I 

2 Jo 



cos 



dt 



Therefore V ims = ^ V ^ = V ^ 

P9.3 [a] 40 V 

[b] 2 t rf = 100tt; / = 50Hz 

[c] u = 1007T = 314.159 rad/s 

2.7T TT 

[d] 0(rad) =-(60°) = — = 1.05 rad 

l J v ; 360o v ) 3 

[e] 9 = 60° 

[f] T=^ = -^ = 20ms 

/ 50 

[g] v = —40 when 

1007rt T Jr = 7r; .'. t — 6.67ms 

o 



Problems 9-9 


[h] v = 40 cos 


lOOvr t 


0.01 


7f 

+ 3 


= 40cos[1007ft — (7r/3) + (vr/3)] 
= 40 cos 1007rt V 


[i] 1007r(t - t 0 ) + (7f/3) 

57T 

• 1007ft o = —; 

6 

[j] 1007f(t + to) + (7f/3) 

57T 

• 1007ft o = —; 

16.67 ms to the left 


1007ft - (tt/ 2) 
t 0 = 8.33 ms 
1007ft + 27T 
t 0 = 16.67 ms 


P 9.4 


> 

> 



100cos(wt+60) 

100cos(wt+30) 

lOOcos(wt) 

100cos(wt-3n) 


[a] Left as <f> becomes more positive 

[b] Left 

P 9.5 [a] By hypothesis 

v = 80 cosfluf + 6 ) 
dv 

— = —80a; sin(o;t + 9) 

.'. 80a; = 80,000; u = 1000 rad/s 

[b] f = — = 159.155 Hz; T = \ = 6.28 ms 
27T / 

~ 2 ^ 3 = -0.3333, .'. 9 = -90 - (—0.3333)(360) = 30° 


v = 80 cos(1000t + 30°) V 
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P9.6 


P 9.7 


P 9.8 
P 9.9 


T 


[a] — = 8 + 2 = 10 ms; 


/ = — =- 1 - 

T 20 x IQ" 3 


T = 20 ms 

= 50Hz 

-A 

[b] v — V m sin (cut + 6) 

c o = 27r/ = 1007T rad/s 
100vr(-2 x 10" 3 ) + 0 = 0; 

v = sin[1007rt + 36°] 

80.9 = V m sin 36°; V m = 137.64V 
v = 137.64 sin[1007rt + 36°] = 137.64 cos[1007rt - 54°] V 

rt 0 +T 


6 = — rad = 36 c 
5 


I ''U i 

u — Vm cos 2 (cut + 0) dt 

J to 

rto+Tl X 

= K.J t g + 2 cos ( 2ujt + 2 & dt 


= ^(/<': +T *+ 


rt Q -\-T 


to 


cos(2c ot + 20) dt 


V 2 ( 1 

m I rp _J_ 


2 

V 2 


2 UJ L 
1 


I to+^ 

I to 


|sin(2u;/; + 20) 

= “^ | + 2cu [ sin ^ 2u;io + 47 t + 20) - sin(2cut 0 + 20)] j 

V rn = V2V rms = v / 2(120) = 169.71V 


[a] The numerical values of the terms in Eq. 9.8 are 

V m = 20, R/L = 1066.67, uL = 60 
VR 2 + c u 2 L 2 = 100 

0 = 25°, 0 = tan -1 60/80, 6 = 36.87° 


Substitute these values into Equation 9.9: 


i = 


-195.72e -1066 ' 67 * + 200 cos(800f - 11.87°)! mA, 


[b] Transient component =—195.72e 1066 - 6W m A 

Steady-state component = 200 cos(800f — 11.87°) mA 

[c] By direct substitution into Eq 9.9 in part (a), 7(1.875 ms) 

[d] 200 mA, 800 rad/s, -11.87° 


t > 0 


28.39 mA 



Problems 
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[e] The current lags the voltage by 36.87°. 

P9.10 [a] From Eq. 9.9 we have 

di V m Rcos((j) — 9) _( R / L ) t c oLV m sin (a it + 0 — 6) 


L— = 
dt 


VR 2 + C u 2 L 2 


VR 2 + u 2 L 2 


„ — V m Rcos(4> — 9)e V m Rcos(ut + 0 — 6) 

Rl = -7 == „ =-h 


VR 2 + c o 2 L 2 


VR 2 + u 2 L 2 


di 


L— + Ri — V m 
dt 


R cos(u it + 0 — 9) — uL sin(u;£ + 0 — 0) 
\/ R 2 + cu 2 L 2 


But 


R 


= cos 9 and 


ujL 


/ - vv/u v m ivy < 

VR 2 + C o 2 L 2 VR 2 + oj 2 L 2 

Therefore the right-hand side reduces to 

V m COs(c Ot + 0) 

At t = 0, Eq. 9.9 reduces to 

■/n\ V m COs(0 0) V m COs(0 - 0) 

*(0) = —H-= 0 


= sin 0 


VR 2 - co 2 L 2 VR 2 + u 2 L 2 


[b] i ss 


Vrn 


VR 2 + v 2 L 2 
Therefore 

„ di** cjLVr 


dt 

and 

Ri qq = 


VR 2 + u 2 L 2 

V m R 


COs(ut + 0 — 0) 
sin(u;£ + 0 — 0) 


VR 2 + 0J 2 L 2 


di* 


dt 


+ RisS Vrr 


COs(u+ + 0 — 0) 

R cos(u it + 0 — 0) — uL sin(u;£ + 0 — 0) 


VR 2 + u 2 L 2 


= V m cos(c ot + 0) 


P 9.11 [a] Y = 50/60° + 100 /- 30° = 111.8 /- 3.43° 

y = 111.8 cos(500t- 3.43°) 

[b] Y = 200/50/ - 100/50/ = 102.99 /40.29° 

y = 102.99 cos(377t + 40.29°) 

[c] Y = 80/30° - 100 /- 225° + 50 /- 90° = 161.59 /- 29.96° 

y = 161.59 cos(100f- 29.96°) 



9-12 CHAPTER 9. Sinusoidal Steady State Analysis 


P9.12 


P 9.13 


P 9.14 


[d] Y = 250/0/ + 250 /120° + 250 /- 120° = 0 

y = 0 


[a] 1000Hz 

[b] 9 V = 0 ° 

200 / 0 / 200 


[c] I 


juL ujL 


/ — 90° = 25 /-90° 


d: = -90° 


[d] ^= 25 ; W L=“®= sn 

c oL 25 


[e] L = 


= 1.27 mH 


2vr(1000) 

[f] z L = juL = j8 n 

[a] cu = 2iif = 314,159.27rad/s 


[b] I 


10 x 10” 3 /0/ 


= juC{ 10 x 10" 3 )/0/ = 10 x 10 -' 6 ujC/9G 


- 3 , 


1/juC 

Oi = 90° 

[c] 628.32 x 10~ 6 = 10 x lO" 3 ^ 
1 10 x 10" 3 


[d] C = 


c oC 628.32 x 10” 6 

1 


= 15.9212, A7 C = -15.92 ft 
1 


15.92(u;) (15.92)(100 tt x 10 3 ) 

C = 0.2 fiF 
-1 

[a] juL = j( 2 x 10 4 )(300 x 10" 6 ) = j'6O 


[e] Z c = j(-^j = -jl5.92ft 


—= — j 7 -tt - "-— = -j 10 ft; I„ = 922/30° A 

jwC J (2 x 10 4 )(5 x 10 -6 ) J i 9 L - 


872 


922/30° A© 




-VA- 

5 5 

• 1072 = 

: - j 1072 { 


j 672 



Problems 9-13 


P 9.15 


P 9.16 


P 9.17 


[b] V 0 = 922/30°Z e 


Ze_ r e ; Fe_ 10 +J 10 + 8 + j6 


r e = 0.18+j0.04S 

z.= 1 


= 5.12 /+ 12.53° fl 


0.18 +j0.04 

V 0 = (922/30°) (5.42 /- 12.53° ) = 5000.25 /17.47° V 
[c] v a = 5000.25 cos(2 x 10 4 t + 17.47°) V 
[a] Z L = j (8000) (5 x 10~ 3 ) = j40 O 
-3 


Z c = 


(8000)(1.25 x 10- 6 ) 


= -j 100 n 


6 0 D /2D V(T) 



-j 10CIQ 


[b] I 


600/20° 


= 8.32 /76.31° A 


40 + j40 — jlOO 
[c] i = 8.32 cos(8000t + 76.31°) A 

Z = 4 + j (50) (0.24) — j ‘ 


(50)(0.0025) 


= 4 + .74 = 5.66/45° ft 


0.1 /-90° 
5.66/45° 


= 17.68 /- 135° mA 


i 0 (t) = 17.68 cos(50t - 135°) mA 

[a] Y ~ 3 + j4 + 16-./l2 + - j4 

= 0.12 - j 0.16 + 0.04 + j0.03 + j0.25 
= 0.16 + j 0.12 = 200 /36.87° mS 

[b] G = 160 mS 

[c] B = 120 mS 
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P 9.18 


P 9.19 


[d] I = 8/0/A, V = l = 


I 


c — 


Y 0.2 /36.87 c 
V 40 /-36.87 c 


= 40 /-36.87 0 V 


= 10 /53.13° A 


4 /—90 c 

ic = 10 cos (cot + 53.13°) A, I m = 10 A 

Z L = j(2000)(60 x 10" 3 ) = jl20H 

Zq = 7 - 77 ——-— = —14012 

(2000)(12.5 x 10- 6 ) J 


Construct the phasor domain equivalent circuit: 



Using current division: 

(120 -j40) 


I 


120 - J40 + 40 + jl20 


(0.5) = 0.25 - j0.25A 


V 0 = j 1201 = 30 + j30 = 42.43/45/ V 
v 0 = 42.43 cos(2000t + 45°) V 


V, 

I 


.'. Z=^ = = 50/45°U 


[a] V, g = 300/78/; \ g = 6 /33° 

300/78° 

M.g 6/33° 

[b] i g lags v g by 45°: 

2t rf = 5000vr; / = 2500 Hz; T = 1/f = 400 /is 

45° 

. •. ig lags v g by (400 /xs) = 50 /xs 



Problems 9-15 


P 9.20 


P 9.21 


JJC ~ (1 x 10 _6 )(50 x 10 3 ) “ ~ j2 ° ° 
juL = j'50 x 10 3 (1.2 x 10~ 3 ) = j60 0 
Yg = 40/tP V 


- j 2on 



jeon 


Z e = —j20 + 30||j60 = 24 - j 8 fl 


40/0° 

I„ =-^ = 1.5 + j0.5 mA 

9 24 - j 8 J 


V 0 = (30||j 60)I 9 = ^ (1.5 + J'0.5) = 30 + j30 = 42.43/45^ V 
30 + j60 

v 0 = 42.43 cos(50,000t + 45°) V 


[a] Z\ — R\ — j 


Z 2 = 


uC i 
R/}/ jojC 2 


Ro 


R‘2 — juR'iC^ 
i?2 (1 /ju)C 2 ) 1 + juR 2 C 2 1 + u 2 RjC$ 

R-2 


Z x = Z 2 when i?! = 
1 uR 2 C 2 


1 + u 2 R 2 C 2 and 

1 + u 2 R 2 C 2 


ujCi 1 + u 2 R 2 2 C% 


or C i = 


[b] Rx = 


1000 


1 + (40 x 10 3 ) 2 (1000) 2 (50 x 10- 9 ) 2 


lu 2 R 2 C 2 

= 20012 


~ 1 + (40 x 10 3 ) 2 (1000) 2 (50 x 10" 9 ) 2 c ^ 

1 ~~ (40 x 10 3 ) 2 (1000) 2 (50 x 10- 9 ) “ ' n 
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P9.22 


P 9.23 


P 9.24 


[a] Y 2 — — + juC 2 
02 

Y _ 1 _ juCi _ uj 2 RiCf + juCi 

1 ~ R 1 + (l/jujCt) ~ 1 + jujRiC\ ~ 1 + c o 2 R\Cl 


Therefore Y x = Y 2 when 


R‘2 


1 + c o 2 R 2 C 2 
uYR]Cf 


and C-2 = 


<?! 

1 + u 2 R 2 C 2 


1 + (50 x 10 3 ) 2 (1000) 2 (40 x 10 ~ 9 ) 2 
(50 x 10 3 ) 2 (1000)(40 x lO " 9 ) 2 


1250 n 


C 2 


40 x 10 " 9 

1 + (50 x 10 3 ) 2 (1000) 2 (40 x lO " 9 ) 2 


8 nF 


[a] Z\ — R\ + ju>Li 

v _ R2(juL 2 ) _ u) 2 L\R 2 + jujL 2 Rl 
2 “ R 2 + juL 2 ~ R 2 + uj 2 L 2 2 


Z\ = Z 2 when Ii\ 


uj 2 L 2 R 2 _ R\L 2 

Rl+u 2 L 2 R 2 + lu 2 L 2 


(4000) 2 (1.25) 2 (5000) 
5000 2 + 4000 2 (1.25) 2 


2500 n 


(5000) 2 (1.25) 
5000 2 + 4000 2 (1.25) 2 


625 mH 


[a] y 2 


J-_ J_ 

R 2 ujL 2 


1 _ R\ ~ jvLj 

R x + juL\ ~ R\ + uj 2 Lj 


Therefore 


Y 2 = Y x 


[b] R 2 = 


n R 2 + u?L\ A 

1<2 = - 5 - and 

Hi 

8000 2 + 1000 2 (4 ) 2 


8000 


when 

T _R\ + uj 2 L 2 

L 2 “ u 2 Li 


= lOkfl 


8000 2 + 1000 2 (4 ) 2 
10002(4) 


20 H 



Problems 


9-17 


P 9.25 


P 9.26 


V g = 500/30° V; I g = 0.1 /83.13° mA 

Z = ^ = 5000 /— 53.13° Vt = 3000 — j4000 Vt 


I 


z = 3000 + j uj 


32 x 10 3 ' 


CO 


32 x 10 3 

u> -= —4000 

UJ 

uj 2 + 4000c; - 32 x 10 3 = 0 
c; = 7.984 rad/s 

50,000 —j'20 x 10 6 


[ 3 ] Z eq — 


+ 


c 0 


||(1200 + j0.2uu) 


50,000 + —j20 x 10 6 (1200 + j0.2co) 


uj 1200 + 3 [0.2c;- 

50,000 + ^r^( 1200 + j0.2uj) [l200 - j (0.2c; 


20x10® 


20x10® 

UJ 


, , 20 x 10 6 , 1onn , 2 20 x 10 6 

Im Z eq =-(1200) 2 - 

c; c; 


-20 x 10 6 (1200) 2 - 20 x 10 6 


1200 2 + (o.2c; - 

0.2c; ^0.2c; 
20 x 10 6 ^ 


0.2c; 0.2c; - 


c; 


20 x 10 6 ' 

UJ 

= 0 


-(1200) 2 = 0.2c; 0.2c; 


20 x 10 6 ' 

UJ 
^2 


[b] Z eq = 


0.2V - 0.2(20 x 10 6 ) + 1200 2 = 0 
c; 2 = 64 x 10 6 .'. c; = 8000rad/s 

/ = 1273.24 Hz 
50,000 


+ —j2500|| (1200 + jl600) 

O 

50,000 (—j'2500) (1200 + j 1600) 


In 


3 

30/0/ 


20,000 

i g (t ) = 1.5cos8000tmA 


1200 - j'900 
= 1.5/0/mA 


= 20,000 fl 


= 0 
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P 9.27 


P 9.28 


[a] Find the equivalent impedance seen by the source, as a function of L, and set the 
imaginary part of the equivalent impedance to 0, solving for L: 

Z c =-^ = -71000 0 

(500)(2 x 10- 6 ) J 


2000(j500L) 
2000 + j500L 

2000(j500L) (2000 - j500L) 


Z eq = -jlOOO + j500L||2000 = -jlOOO + 
= -jlOOO + 


2000 2 + (500L) 2 


Im(Z eq ) = —1000 + 
2000 2 (500L) 


2000 2 (500L) 
2000 2 + (500L) 2 


= 0 


2000 2 + (500L) 2 


= 1000 


[b] I, 


500 ' 2 L 2 - -2000 2 L + 2000 2 = 0 
Solving the quadratic equation, L = 4 H 

ioo/tr ioo^f 


9 —jlOOO + j2000112000 1000 

i g {t) = 0.1cos500f A 

-jR/toC 


= 0.1/tf A 


[a] juL + R\\ (- j/ujC) = juL + 


R-j/uC 


= juL + 
= juL + 


-jR 


Im(Z ab ) = c oL 
L = 


uCR — j 1 

-jR(uCR + jl) 
u 2 C 2 R? + 1 

c oCR 2 


u 2 C 2 R 2 + 1 
CR 2 


= 0 


u 2 C 2 R 2 + 1 = 


tu 2 C 2 R 2 + 1 

CR 2 


uj 2 = 


/ s~i td 2 / T \ 1 (25x10 J )(100) _ -i 

[UK /L) - i 160x10-6 1 


C 2 R 2 


(25 x 10- 9 ) 2 (100) 2 


= 900 x 10 8 


uj = 300 krad/s 



Problems 9-19 


[b] Z ab (300 x 10 3 ) = j'48 + ( 10 °)( J 133 -33) = 
v ’ J 100-jl33.33 


P 9.29 juL = j 100 x 10 3 (0.6 x 10~ 3 ) = j60 Vt 
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P 9.31 


[b] When L = 8 H: 

500 x 10 6 (8) 2 

T “ 400 + 2000 2 + 500 2 (8) 2 “ 2000 

1, = = lOO^mA 

i g = 100cos500fmA 

When L = 2H: 

500 x 10 6 (2) 2 

T ~ °° + 2000 2 + 500(2) 2 “ 800 

= = 250/tP mA 

i g = 250 cos 500f mA 

[al = = 44 x 10-68 

>"2 = --- 

14,000 + jhu 

14,000 . 5a; 

” 196^CUP^9~25uE ~ ^ 

Y 3 = ju2 x 10~ 9 


y 1 + y 2 + y 3 


and 

n-9 


v D to be in phase the j component of Y r must be zero; thus, 

5a; 


196 x 10 6 + 25a; 2 


96 x 10 6 


5 


2 x 10~ 9 
= 2304 x 10 6 


a; = 9600 rad/s 


10~ 6 


1 a nnn 


4 - 


Z T = 100 kft 

y o = (0.25 x 10 _3 /0°)(100 x 10 3 ) = 25^r V 
v 0 = 25 cos 9600t V 



Problems 


9-21 


P 9.32 


P 9.33 


P 9.34 


[a] Z„ — 500 — j -h 


,10 6 10 3 (j0.5o;) 


lu 10 3 + j0.5a; 

_ . 10 6 , 500ja;(1000 — jO.buj) 

3 u 10 6 + 0.25u 2 


10 6 

= 500 -j-+ 


250a; 2 


+ 3 - 


5 x 10 5 a; 


u 10 6 + 0.25a; 2 J 10 6 + 0.25cc 2 

, 10 6 5 x 10 5 a; 

purely real, — = 106 + 0.25ce 2 

2(10 6 + 0.25ce 2 ) — u> 2 4 x 10 fi — O 1 

lv = 2000 rad/s 

[b] When a; = 2000 rad/s 

= 500 - j'500 + (j 10001| 1000) = 1000 O 

20/0° 


I, 


1000 


= 20/T mA 


V„ - V,y - lqZ\ 

Z\ = 500 - j'500 O 

V 0 = 20/tP — (0.02/tP)(500 — j500) = 10 +jl0 = 14.14/45° V 
v 0 = 14.14 cos(2000f + 45°) V 

^ab = 1 - j8 + (2 + j4) || (10 - j20) + (40||j20) 

= 1 - j8 + 3 + jA + 8 + j 16 = 12 + jl2 O = 16.971/45° O 

First find the admittance of the parallel branches 


1 , 1 1 , 1 

2 - j '6 + 12 + j4 + 2 + . 7 0.5 


Y v = -+-+ - +-= 0.625 - j'1.875 S 

y o _•/? i n i _• a n r J 


Zr ~%~ 0.625 -jl.875 ^ ° 16 + i0 48 ” 


Z ah = —j4.48 + 0.16 + j0.48 + 2.84 = 3 - jAQ 


Y ah = ^ = —= 120 + j'160 mS 
Z ah 3 - j4 


= 200 /53.13° mS 
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P 9.35 Simplify the top triangle using series and parallel combinations: 
(1 + jl)||(l-jl) = 10 
Convert the lower left delta to a wye: 


- j IQ 



Zi = 


Z , = 


urn) 


TT = 




= 


l+Jl-Jl 




= iff 


i+ji-ji 
Convert the lower right delta to a wye: 



Z* = 






z 5 = = i n 

i + ji-ji 


= 


um 


-=jiff 


i+ji-ji 

The resulting circuit is shown below: 


IQ 



Simplify the middle portion of the circuit by making series and parallel 
combinations: 


(1 +jl — 2 1)11(1 + 1) — 1II 2 = 2/3 ff 
Z a b = —jl + 2/3 + jl = 2/3 ff 


tf* 







Problems 9-23 


P9.36 


P 9.37 


P 9.38 


y — V ° - 

y o — * 9 ry — 


500 - j'1000 


'Z T 300 + j'1600 + 500 — jlOOO 
v 0 = 111.8 cos(8000t - 100.3°) V 

1 = —j400 n 


(100/tf) = 111.8 /- 100.3° V 


juiC 
jujL = jl200 fl 

Let = 200 - j400 Z 2 = 600 + jl200 12 

I g = 400/tP mA 

I = -*-! = 600 +^200 ( 0 4 /oo) 

° Z 1 + Z 2 9 800 + j800 U ' ^ 

= 450 + j 150 mA = 474.34 /18.43° mA 


i 0 = 474.34 cos(20,000t + 18.43°) mA 



V 1 =j5(-j2) = 10V 

-25 + 10 + (4-j3)I 1 = 0 .-. Ii = —=2.4 + jl.8A 

4 — j3 


h = h~ j 5 = (2.4 + jl.8) - j 5 = 2.4 - j 3.2 A 




9-24 CHAPTER 9. Sinusoidal Steady State Analysis 


P 9.39 


\z = ~j 5I 2 + (4 - j3)l! = —j'5(2.4 - j 3.2) + (4 - j3)(2.4 4- jl.8) 
—25 + (1 + j3)I 3 + (—1 — j 12) = 0 I 3 = 6.2 — j6.6 A 

lz = h~h = (6.2 - j'6.6) - (2.4 - j'3.2) = 3.8 - j3.4 A 

Z=y r= = 1-42 - J1.88Q 

I z 3.8 -j3.4 

I s = 3/tP mA 


-1-J12V 


1 


-j0.4Q 


juL = j 0.4 


After source transformation we have 


-m— 

28 fi 

66/0 mV(±) 


- j 0 . 4(1 r 



1 

I_J. 

O 

3 

bn 


+ 

V 


V 


o 


—jQ-41| j'0.41| 5 
28 H—j0.4||j0.4||5 


(66 x 10" 3 ) 


10 mV 


v 0 = 10 cos 200t mV 


P 9.40 [a] 


5H 



V a = (50 + j 150) (2/P) = 100 + j300 V 


lb 


100 + j 300 
120 - j40 


j 2.5 A = 2.5/90° A 


I c = 2/P + j2.5 + 6 + j'3.5 = 8 + j6 A = 10 /36.87° A 
V g = 5I C + V a = 5(8 + . 76 ) + 100 + . 7.300 = 140 + . 7.330 V = 358.47 /67.01° V 



Problems 9-25 


P 9.41 


[b] i h = 2.5 cos(800f + 90°) A 
i c = 10 cos(800t + 36.87°) A 
v g = 358.47 cos(800f + 67.01°) V 

[a] juL = j(1000)(100) x 10" 3 = j 100 
1 . 10 6 


juC 


= -J 


( 1000 )( 10 ) 

jiooQ 


= -j 100 


V 



Using voltage division, 

(100 + jlOO) || ( jlOO) 
ab j 100 + (100 + J100) II (—j 100) 

V T h = v ab = 350 /tP V 


(247.49/450) = 350/tT 


[b] Remove the voltage source and combine impedances in parallel to find 

Zt h = Z a b'. 

Ill 


Y ah = 


^Th 


[C] 


j 100 lOO + jlOO -jlOO 


= ^ ab = — = 100+jl00U 
tab 


loon 

—va- 


= 5 - jb mS 


jioon 


350 /0°V Q) 


■*b 
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P 9.42 Using voltage division: 

36 

V Th = T - Rn -^(240) = 216 - j 72 = 227.68 /- 18.43° V 

36 4- j60 — j48 

Remove the source and combine impedances in series and in parallel: 
Z Th = 36|| (j 60 - j'48) = 3.6 + jl0.8 O 


P 9.43 Open circuit voltage: 


20 on 


■vw 



-joon 



-♦a 

+ 


:ion v 


2 


b 


V2 

10 


+ 881 ^ 4 " 



0 




5 - (V 2 /5) 
200 


Solving, 

V 2 = -66 + j88 = 110 /126.87° V = V Th 


Find the Thevenin equivalent impedance using a test source: 



I T _ 


y T 

To 


+ 881 ^ + 


0 . 8 \ t 
—j50 




-Vr/5 

200 


l T = V T - 

v io 


,1/5 0.8 


200 — j'50 



Problems 9-27 


\ T 

y— = 30 — j40 = Z T h 

At 


V xh —66 + j88 
Zrh = 30 - j40 


-2.2 + jOA 



The Norton equivalent circuit: 



The Norton impedance is the same as the Thevenin impedance. Find it using a test 
source 
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\t 81/3 

It [(2 + jl)/jl]Ip 


J8 

2 + jl 


1.6 + j3.2Q 


P 9.45 Using current division: 


In = hr = -(4) = 1.6 - 71.2 = 2/- 36.87° A 

80 + j60 V ; Z - 

Z N = —j 1001| (80 + j60) = 100 — j'50 U 

The Norton equivalent circuit: 


2 /-36.87 °A (t) 



-• a 

•100Q 

: 

= -json 


- 


P 9.46 u = 27r(200/7r) = 400 rad/s 


z = 

c 400(10- 6 ) 


ill. 


= — j'2500 O 

10kQ 1991, 


Hh- 

+ -j2500H 


-m- 


2 0 01 . 


ioon 




- j2500fi 


■4.7kfi 


Y t = (10,000 - j'2500)I t + 100(200)I T 

V T 

Z Th = - 4 - = 30-j2.5kU 

I T 

P 9.47 







9-30 CHAPTER 9. Sinusoidal Steady State Analysis 


\i /3 V i Vi _ 250 

20 + jlO + 50 - j 100 + 50 -j 100 “ 20 + ./10 

Vi = 500 - j'250 V; V G = 300 - j400 V = V Th = 500 /- 53.13° V 

Short circuit current: 

2on i lon son 

-VW--|-WV- 

25o/o°V(f) 

-±- 


I sc 


I 


sc 


250/0/ 
70 + jlO 


3.5 - j0.5A 


Z^h — 


'Th 


300 - /400 
3.5 - j0.5 


100 -j 100 n 


The Thevenin equivalent circuit: 

ioon -jioon 



\ _ „ / ^ 

II 

. _0 



(/)5 0 0 /— 53.1 3° V 



P 9.49 Open circuit voltage: 



(9 + j4)I a — I b = —60/0/ 



Problems 9-31 


-la + (9 - j 4)Ib = 60/tT 
Solving, 

I a = -5 + j2.5A; I b = 5 + j2.5 A 
V Th = 4I a + (4 — j4)I b = 10/tT V 
Short circuit current: 



(9 + j4)I a — ll b — 4I SC = —60 
— H a + (9 — j4)I b — (4 — j4)I sc = 60 
—4I a — (4 — j4)I b + (8 — j’4)I sc = 0 


Solving, 

I sc = 2.07/tF 


Zrh — 


'Th 


io^r 

2.07/07 


4.83 ft 
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Alternate calculation for ZtE- 



Y Z = 4 + 1 + 4 - j4 = 9 - j4 


Zi = 
z 2 = 
Z 3 = 


4 


9 — j4 

4 — ,7 4 
9-j4 

16 - . 716 
9 - j 4 



Z& 


4 + j4 + 


4 


9 — j4 


56 + j20 
9 — j4 


■Z’b = 4 + 


4 — j4 


9 — j4 


40 - j 20 
9-j4 


_ 2640 -,7.320 
a11 b 864 - .7,384 


7 , 7 117 = 16 "J 16 , 2640 -j'320 
3 a|1 b 9-j4 + 864 — j384 


4176 - j'1856 
864 - j384 


4.8311 









Problems 9-33 


P 9.50 


[a] 


a #- 
+ 

v„ 




-jiooon 


^ iooon 


+ 


aV, 


Vt Vt — olWt 

At —• -T 

1000 

It 1 
Vt ~ 1000 ’ 


-jlOOO 

(1 — a) j — 1 + a 
jlOOO “ jlOOO 

jlOOO 


ZTh = -r = 1 , • 

It a — 1+3 

Zt h is real when a — 1. 

[b] Ztyi = 1000 n 


[c] Z Th = 500 - j500 = 


1000 


jlOOO 

a-l+j 


+ J 


,1000(a- 1) 


(a - l) 2 + 1 (a- l) 2 + 1 

Equate the real parts: 

= 500 (a — l) 2 + 1 = 2 


1000 


(a - l) 2 + 1 

(a — l) 2 = 1 so a = 0 
Check the imaginary parts: 

j" 1 * 1000 = -500 

(o: — 1) +1 a =1 

Thus, a = 0. 

r „ v 1000 .1000(a-l) 

laj Z Th / , i 1 J/ -i\9 , -i 

(a — l) 2 + 1 (a — 1)- + 1 

For Im(Z Th ) > 0, a must be greater than 1. So Z Th is inductive for 
1 < a < 10. 
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P 9.51 


jion 


jlOfi 


2 40/0 V(T) 



+ 

_ f Y Y Y + _ 

+ 

!) 

V 1 5 

bon v ^ 

o -= 


— 



r 


Vi - 240 Vi Vi 

—-+ — +--— = 0 

j 10 50 30 +jlO 

Solving for Vx yields 

Vi = 198.63 /- 24.44° V 

30 


V„ = 


30 4-jlO 

P 9.52 jujL = j(2000)(l x 10 -3 ) = j2Q 


= -J- 


10 6 


= -j 5 n 


juC J (2000) (100) 

Vgi = 20 /- 36.87° = 16 — j'12 V 
\ g2 = 50 /—106.26° = —14 — j48 V 

j 2 n 


16-jl2A 
V T 


(Vi) = 188.43 /-42.88° V 



Vq ~ (16 — j!2) \ 0 V 0 — (—14 — j48) 

j2 10 + -j5 

Solving, 

y o = 36/0/ V 


v 0 (t) = 36cos2000fV 



Problems 9-35 


P 9.53 From the solution to Problem 9.52 the phasor-domain circuit is 

j 2 fi V D -j 5 Q 

-14-j 48 
V 

Making two source transformations yields 



Y = j2 + ^ + ^ = (01 - m)S 

Z — — = 1 + j3 

le = Igl + I/y2 = 3.6 — j’10.8 A 


Hence the circuit reduces to 


I, 


y o = Zl e = (1 + j' 3 )( 3.6 — j’ 10 . 8 ) = 36 ^r V 
.'. v 0 (t) = 36 cos 2000 tV 
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P 9.54 The circuit with the mesh currents identified is shown below: 


j2fi -j5Q 

-•-It— 



The mesh current equations are: 

-20 /- 36.87° + 7 21, + 10(Ii - I 2 ) = 0 
50 /- 106.26° + 10(I 2 - Ii) - j5I 2 = 0 
In standard form: 

I!(10 Tj2) T I 2 (—10) = 20 /- 36.87° 

Ii(-10) + I 2 (10 - j5) = -50 /- 106.26° = 50 /73.74° 

Solving on a calculator yields: 

I 1 = -6 + jlOA; I 2 = —9.6 + jlOA 

Thus, 

V 0 = 10(Ii - I 2 ) = 36V 

and 

v 0 (t) = 36 cos 20007V 

P 9.55 From the solution to Problem 9.52 the phasor-domain circuit with the right-hand 
source removed is 


16-j 12 V (T) 


j 2 

1 

_ l_1. 

cn 

50 

+ 


-- V ' 1 

u 

^ion 

— 



V' 

T o 


1011-J5 
j2 + 10||-j5 


(16 — J12) 


18 - j 26 V 



Problems 9-37 


P 9.56 


P 9.57 


With the left hand source removed 



© -14 -j 4 8V 


V" 

T o 

Vo 


10||j2 


— (—14 — 7 48) = 18 + 7 26 V 


-/5-10H./2 

V' 0 + V" = 18 - 726 + 18 + j26 = 36 V 
v a (t) = 36cos2000fV 

Write a KCL equation at the top node: 

+ L _ (io+jio) = o 

—j8 j4 5 

The constraint equation is: 

Vn 


I 


A = 


-J8 


Solving, 

V a = j80 = 80/90° V 



Write node voltage equations: 
Left Node: 


Vx , Vx — V 0 /8 


40 + 


7 20 


= 0.025/tT 


Right Node: 


Vo Vo 

50 + j25 


+ 16I 0 


0 


- j25fi 
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The constraint equation is 

_ Vi - V 0 /8 

° J'20 

Solution: 

V 0 = (4 + j4) = 5.66/45° V 
Vi = (0.8 + j’0.6) = 1.0 /36.87° V 
I 0 = (5 - j 15) = 15.81 /- 71.57° mA 

P 9.58 


ion 


-jion 


100/0 v(T) 


-VA- 

-- 

3 ^ : 

- (■ 

a vj 


I 


0 



O jlOOV 


(10 + j5)I a -j5I b = 100/0/ 

-j5I a - j5I b = jl00 
Solving, 

I a = -jl0A; I b = —20 + j'10 A 
I 0 = I a — I b = 20 — j20 = 28.28 /-45° A 
i 0 (t) = 28.28 cos(50,000t - 45°) A 
P9.59 - ]4 fi 



(12 - jl2)I a - 121, - 5(-j8) = 0 



Problems 9-39 


-121, + (12 + j 4)1, + j 20 - 5(j'4) = 0 
Solving, 

lg = 4- j2 = 4.47 /- 26.57° A 

P 9.60 Set up the frequency domain circuit to use the node voltage method: 

+ V 0 - 



Solving on a calculator: 

v i = — 3+23 V V 2 = -8+j4V 

Thus 

Q r/? 

V 0 = Vi - 20/90° — j— = 18.86 /- 98.13° V 

o o 
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P 9.61 


juL = .75000(60 x 10~ 3 ) 

1 = -3 

jujC (5000) (2 x IQ" 6 ) 


= j3oo n 

= -j 10012 



—400/tP + (50 + j300)I a - 50I b - 150(I a - I b ) = 0 
(150 - jl00)I b - 50I a 4- 150(I a - I b ) = 0 


Solving, 


I a = -0.8-jl.6A; I b = -1.6 + j0.8A 
y o = 100I b = -160 + j80 = 178.89 /153.43° V 
v 0 = 178.89 cos(5000t + 153.43°) V 


P 9.62 



10/0/ = (1 - jl)Ii - 1I 2 + jlh 
—5/0/ = — 


Hi + (1 + jl)I 2 - jH 3 



Problems 9-41 


1 = j lli - JII2 + I3 
Solving, 

Ii = 11 + jlO A; I 2 = 11 + j5 A; I 3 = 6A 

I a = I 3 — 1 = 5A = 5/0/A 

I b = lx -I 3 = 5 +jlOA = 11.18 /63.43° A 

I c = I 2 -I 3 = 5 + j'5A = 7.07/45° A 

I d = lx -I 2 = j5A = 5/90° A 

P 9.63 



V a ~ (100 ~ j50) V a V a — (140 + j'30) 

20 + jb + 12 + j'16 

Solving, 

V a = 40+j30V 


Iz + (30 + j20) 


140 + j30 (40 + j'30) - (140 + j30) 

-j 10 + 12 +jl6 


0 


Solving, 

l z = —30 — jlO A 


z= (100 ~ j50) — (140 + j30) 
-30-jlO 


2 + j2 n 
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P 9.64 


P 9.65 


[a] —— = —7 50 O 
jujC 

juL = 7 120 

Z e = 100|| — 7 50 = 20-J40Q 
I s = 2 ^ 

V g = l g Z e = 2(20 - 7 40) = 40 - j'80 V 
20Q -j 40Q eon 

I-VA-lh-VA-1 

j i 2 on 


= 40 _ 7 - 80 ) = 90 - 7 30 = 94.87/- 18.43° V 

80 + j80 v J ’ J L - 

v Q = 94.87 cos(16 x 10 5 t - 18.43°) V 
[b] cu = 2 vr/ = 16 x 10 5 ; / = 8 X 10 " 

7T 

T = — =-- = 1 . 257 rus 

/ 8 x 10 5 P 

18.43 . 

.'. - 1.25ttus ) = 201.09 ns 

360 v ^ ’ 

:. v 0 lags i g by 201.09 ns 
juL = j'10 6 (10 x 10" 6 ) = . 710 n 



JjojC (10 6 )(0.1 x 10- 6 ) 
V a = 50 /- 90° = -750 V 
V b = 25/9CP = j 25 V 


j 10 Q 


' j5 0V(T) 


_ r-y 

-jlOQ 

10Q 



V l 5 

NX 

^ 10Q 7 (z 

13 T 


i25V 


(10 -710)1!+ 7'10I 2 - 10I 3 =-7'50 



Problems 9-43 


j'IOIi + 10I 2 - 10I 3 = 0 
-10Ii - 10I 2 + 201,3 = j25 
Solving, 

Ii = 0.5-jl.5A; I 3 = —1 + j0.5 A I 2 = -2.5 A 

I a = -Ii = -0.5 + j'1.5 = 1.58 /108.43° A 

I b = -I 3 = 1 - j0.5 = 1.12 /- 26.57° A 

i a = 1.58 cos(10 6 t + 108.43°) A 

i b = 1.12 cos(10 6 t- 26.57°) A 

P 9.66 [a] jujL x = j (5000) (2 x 10" 3 ) = j 1011 

juL 2 = j (5000) (8 x 10" 3 ) = 
juM — 710 O 


jlOQ 

10Q 



70 = (10 + jlO)I a + j'IOIl 
0 = jlOIg + (30 + j40)Il 
Solving, 

I 9 = 4 — j3 A; II = —1 A 

i g = 5cos(5000t- 36.87°)A 

i L = 1 cos(5000t - 180°) A 

M _ 2 

\J L1L2 \Zl 6 


[b] k 


0.5 
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[c] When t = 1007r /is, 

5000t = (5000)(100vr) x 10 ” 6 = 0.5tt = vr/2rad = 90° 
i fl (1007r/xs) = 5cos(53.13°) = 3 A 
ii(1007r/is) = 1 cos(—90°) = OA 

w = —Lii^ + — L 2 i\ + Mi 1*2 = ~(2 x 10 3 )(9) + 0 + 0 = 9mJ 

When t = 200vr /is, 

5000t = vrrad = 180° 

i 9 (200vr/is) = 5cos(180° - 36.87°) = -4 A 
i L ( 200 vr/is) = 1 cos(180° - 180°) = 1 A 

w = ^(2x 10” 3 )(16) + ^(8 x 10" 3 )(1) + 2 x 10" 3 (-4)(1) = 12mJ 


P 9.67 Remove the voltage source to find the equivalent impedance: 

2 


Z Tb = 45+.7125 + 


20 


,|5 + j’5| 


(5 - j 5) = 85 + j 85 ft 


Using voltage division: 


Vxh — V cd — j20Ii 


7 20 


425 

, 5 + j'5 


850 + j850V 


1202.1 /45° A 
V(rms) V 


85Q 
-wv— 


j 85 Q 


♦ d 


1202.1/45° V 


P 9.68 [a] = j( 200 x 10 3 )(10” 3 ) = j200ft 

juL 2 = j( 200 x 10 3 )(4 x 10" 3 ) = .7 800 ft 

- — _ l _— _ 7 '400 Q 

juC (200 x 10 3 )(12.5 x 10~ 9 ) J 

Z 22 = 100 + 200 + j800 - j400 = 300 + j400 ft 

.-. Z\ 2 = 300 - j400 ft 


M = k\JL\L 2 = 2k x 10 3 



Problems 9-45 


cuM = (200 x 10 3 )(2 k x 10” 3 ) = 400A; 

l 2 


= 


400/c 

500 


(300 - j400) = A ; 2 (192 - j256) 12 


Z ]n = 200 + j'200 + 192k 2 - j256k 2 
\Z in \ = [(200 + 192/c 2 ) 2 + (200 - 256 Aj 2 ) 2 ]^ 


d\Z- m 

dk 


= *[(200 + 192A; 2 ) 2 +(200 - 256A; 2 n s x 




[2(200 + 192/c 2 )384/c + 2(200 - 256A: 2 )(—512A:)] 


d\Z- m 

dk 


= 0 when 


768/c(200 + 192/c 2 ) - 1024A;(200 - 256A; 2 ) = 0 
A ; 2 = 0.125; .'. k = 70.125 = 0.3536 


[b] Z m (min) = 200 + 192(0.125) + j[200 - 0.125(256)] 

= 224 + j 168 = 280 /36.87° 12 

I, (max) = 56 °^ = 2/- 36.87° A 

224 + jl 68 L - 

.'. ii (peak) = 2 A 

Note — You can test that the k value obtained from setting d\Z in \/dk = 0 
leads to a minimum by noting 0 < A; < 1 . If A: = 1, 

Z in = 392 - j'56 = 395.98 /— 8.13° Pi 

Thus, 

|^in|fc=l > |^in|fe =x /0.125 

If k = 0, 

Z in = 200 + j200 = 282.84/45° 12 

Thus, 

|^in|fc=0 > |^in|fc =% /0.125 

P 9.69 juLi = j'50 12 


juL 2 = j 32 12 
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1 

jujC 


—7 20 Q 


jujM = j (4 x 10 z )k\J (12.5)(8) x 10 " 3 = jAOkfl 
Z 22 = 5 + j32 - j'20 = 5 + 7 12 Q 
Z * 2 = 5 - j 12 n 


Z r = 


40k 
|5+J'12| 


n 2 


(5 - j 12) = 47.337 k 2 - 7'113.609A; 2 


Z ah = 20 + 7 50 4- 47.337k 2 - j!13.609k 2 = (20 + 47.337A; 2 ) 4- j (50 - 113.609A; 2 ) 


Z ;| |, is resistive when 


50 - 113.6097c 2 = 0 or k 2 = 0.44 so k = 0.66 


.-. Z ab = 20 4- (47.337)(0.44) = 40.8311 


P 9.70 [a] juL L — jlOOn 

jcoL-2 = 7'500 

Z 22 = 300 + 500 + 7100 + 7'500 = 800 + 76OO Q 
z; 2 = 800 - 7600 n 

uM = 270 n 
/ 270 \ 2 

Zr = vlOOO/ t 800 -^' 60 °] = 58.32 — j43.74 Q 
[b] Z ab = i?i + jujL x + Z r = 41.68 + 7I8O + 58.32 - j43.74 = 100 + 7'136.26 Q 


P 9.71 



Zl = 


V3 

I 3 


80/60° n 




Problems 9-47 


V, = V 3 . 

10 1 ’ 

Vi = _V2. 
8 1 ’ 


10I 2 = 1I 3 

8I1 = - 1 I 2 


z 


ab 


Vi 

ii 


Substituting, 

v _ Vi _ —8V 2 _ 8 2 V 2 
ab “ lx “ -I2/8 ” I 2 


8 2 (10V 3 ) 

Is/lO 


(8) 2 (10) 2 V 3 

Is 


(8) 2 (10) 2 Z L = 512,000/60° Q 


P 9.72 In Eq. 9.69 replace u 2 M 2 with k 2 u 2 LiL 2 and then write X ah as 


Xab — uLi — 


k 2 u 2 L\L 2 {ujL 2 4- uLl) 

R 22 + {uL 2 + c 0 L 1) 2 


k 2 ujL 2 (ujL 2 + ujLl) 1 
R 22 + (c oL 2 + loLj ) 2 J 


For X, lh to be negative requires 


R 22 + (c oL 2 + uLl) 2 < k 2 uL 2 (uL 2 + uLl) 


or 

R 22 + (cuZ 2 -f- — k~ujL 2 (uL 2 4" ^jLl) ^ 0 

which reduces to 

R 2 22 + uj 2 L\(1 - k 2 ) + uL 2 uL l (2 - k 2 ) + cu 2 L 2 l < 0 

But k < 1 hence it is impossible to satisfy the inequality. Therefore A/,], can never 
be negative if X L is an inductive reactance. 
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P 9.73 


[a] 



— 


' ab 


7V,Ii = iV 2 I 

Vi = Ni 
V 2 AV 


Ix + I 2 Ix + I 2 (1 + Ni/N 2 )1i 

Nu 


2 , 


h = —Ii 

n 2 

v % 

Vi ^ vA 2 


iV, 


Vi + v 2 = z L \i = (+1) V 2 


^ab = 


IiZ z 


(AT 1 /Ar 2 + i)(i + Ar 1 /Ar 2 )i 1 

Z L 


Z^b = 


Q.E.D. 


[1 + (iVi/iV,)] 2 

[b] Assume dot on the N 2 coil is moved to the lower terminal. Then 

V *lv H I ^1 ¥ 

Vi = V 2 and I 2 = I x 
iv 2 iV 2 

As before 


Z & b = 


Il+l2 


and Vi+V 2 = Z L Ii 


.'. Z n h — 


Z h = 


Zl\i 


(1 - 7Vi/7V 2 )Ii [1 - (N./N^h 
Z L 


[1 - (iVi/iV 2 )] 2 


Q.E.D. 




Problems 9-49 


P 9.74 


[a] 



Z a b — 


f ab 


ii 


V 1 + V 2 

ii 


Vl = V2 

N x N 2 

Nili = N 2 l 


2 , 


N 2 

V2 - 

1 -^1 

12 “ w> h 


Ni 

V 2 = (lx + l 2 )Z L = l 1 [l + -±) Z L 

4V2 y 


N, 


V! + V 2 = h^ + 1 V 2 = 1 + -^ Z L I 


iVi 


.'. Z a .h = 


n 2 

(1 + N 1 /N 2 ) 2 Z L l 1 

II 


iV 2 


/ N \ 2 

z -» =( 1 + ivj) ^ Q - ED - 

[b] Assume dot on iV 2 is moved to the lower terminal, then 

V, -V 2 


Ni N 2 ’ 

Ni Ii = -N 2 1 2 , 


Vl = A| y, 

V 2 

T "Ni 


iv 2 


II 


As in part [a] 

Vi + V 2 

V 2 = (I 2 + I i)Z L and Z ab = , 

h 

(1 _ N t /N 2 )V 2 _ (1 - 1Vj/1V 2 )( 1 - N t /N 2 )Z L I, 

“ b_ r ■ r 

Z ah = [l-(N 1 /N 2 )f Z L Q.E.D. 
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240 240 

P9.75 [a] I=— + —= (10-j7.5)A 

V s = 240/T + (0.1+j0.8)(10- j7.5) = 247 + j7.25 = 247.11 /1.68° V 

[b] Use the capacitor to eliminate the j component of I, therefore 

I c =j7.5A, Z c = ^°=-j32U 

J 7-5 

V s = 240 + (0.1 + j0.8)10 = 241 + j8 = 241.13 /1.90° V 


[c] Let I c denote the magnitude of the current in the capacitor branch. Then 

I = (10 - j'7.5 + jl c ) = 10 + j{ Ic - 7.5) A 

V, = 240/a = 240 + (0.1 + j0.8)[10 + j(I c - 7.5)] 

= (247 - 0.8I C ) + j( 7.25 + 0.1I C ) 


It follows that 

240 cos a = (247 — 0.8I C ) and 240 sin a = (7.25 + 0.1I C ) 

Now square each term and then add to generate the quadratic equation 
l 2 c - 605.77I C + 5325.48 = 0; I c = 302.88 ± 293.96 
Therefore 

I c = 8.92 A (smallest value) and Z c = 240/j8.92 = —j26.90 
P 9.76 The phasor domain equivalent circuit is 



v;„/0° TD . , v m jw 

— lrC r . X — . 

2 R x ~ jXc 


As R x varies from 0 to oc, the amplitude of v„ remains constant and its phase angle 
decreases from 0° to —180°, as shown in the following phasor diagram: 



Problems 9-51 


i 



P 9.77 


[a] 



\e = (0.15 + j6)(16 — j'10) = 62.4 + j94.5 = 113.24 /56.56° V 
V s = 120/0/ + V £ = 205.43 /27.39° V 



\ e = (0.15+ j6)(48 — j’30) = 339.73 /56.56° V 
V s = 120 + V £ = 418.02 /42.7° V 



The amplitude of V s must be increased from 205.43 V to 418.02 V (more than 
doubled) to maintain the load voltage at 120 V. 
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P 9.78 


P 9.79 


120 120 120 

[d] *= 2^ + ^ + ^ = 48 + ^ 30A 

\ e = (0.15 + j6)(48 + j30) = 339.73 A 20.57 0 V 
V s = 120 + V £ = 297.23 /100.23° V 



The amplitude of V s must be increased from 205.43 V to 297.23 V to maintain 
the load voltage at 120 V. 


V 3 = 4/0° V; 


juC 


= -j 20 kQ 


Let V a = voltage across the capacitor, positive at upper terminal 
Then: 


V a — 4/0/ 


+ 


+ 


20,000 — j 20,000 20,000 


= 0; .'. V a = (1.6-j0.8)V 


0-V, 0-V, = V, 

20,000 10,000 ’ ° 2 


y o = -0.8 + jOA = 0.89 /153.43° V 
v 0 = 0.89 cos(200f + 153.43°) V 

[a] 


20kQ„ 20kQ 

■ a 


-VA- 


4/0° v (t) 


1 1 


JUC 


-VA- 


Va-4^3° . „ v ^ v a n 

+ JUjC 0 \ a + _ = 0 


20,000 
Va = 


20,000 


2 + j20,000c oC 0 


lOkQ 
-VA— 


12V 


★ 

-12 V 


33kQ 


V 0 = —4^ (see solution to Prob. 9.78) 



Problems 9-53 


—2 _ 2 /180° 

° ~ 2 + j'4 x 10 6 C o “ 2 + j'4 x lO 6 ^ 

denominator angle = 45° 

so 4 x 10 6 C o = 2 C 0 = 0.5 /iF 

[b] V ° = 2T§ = 0 - 707/135 ° V 

v 0 = 0.707 cos(200t + 135°) V 

p 9.80 —= -jiom 

JUlCi 


= -j ioo kn 

JUG-2 


lOOkQ 



Va-2 V a V a V a -V 0 

5000 -j'10,000 + 20,000 + 100,000 


20V a — 40 + jlOV a + 5V a + V a — V D — 0 


(26 + jlO)V a — V D = 40 

o-v a 0-v o 

20,000 + -jl00,000 

,/5V a - V 0 = 0 


Solving, 

V 0 = 1.43 + j7.42 = 7.55 /79.11° V 
v 0 (t) = 7.55 cos(10 6 t + 79.11°) V 
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P 9.81 


P 9.82 


[a] V 9 = 25/0/V 

20 
100 

5 5 —V 0 

80,000 + Z p 


V p = = 5 /^ V n = V P = 5/0/V 


= 0 


Z p = —j'80,000||40,000 = 32,000 - jlG ,000 Q 
5Z n 


Vo = 


+ 5 = 7 - j\ = 7.07 /-8.13° V 


80,000 

v 0 = 7.07 cos(50,000t - 8.13°) V 
[b] V p = 0.2V m /tf; V n = V p = 0.2 V m /W_ 


0.214 


+ 


0.2V m - V 0 


= 0 


80,000 32,000 — j’16,000 

32,000 -j'16,000 

.'. Vo = 0.2V m H- ! --— ! - 

80,000 

.'. |0.214(1.4-j0.2)| < 10 
.-. V m < 35.36 V 


14(0.2) = 0.214(1.4-j0.2) 


[a] — = -j 20 Q 
jujC 

V V — V 

’n ’n ’o q 

20 + — j20 “ 

V V V 

—j20 ~ 20 + —j20 

Vo = -j iv n + v n = (l-jl)v n 

V g (l /juCo) Vg 

p 5 + (1/ jujC 0 ) l + j(5)(10 5 )a 


= 6/0/V 

V =__ 

p l+jbx 10 5 C 0 


= V„ 


.-. v„ = 


(1 — j1)6/0/ 

1 + j'5 x lO 5 ^ 

iv. = 

y/l + 25 x lO 10 ^ 


= 6 


Solving, 

C 0 = 2 /iF 



Problems 9-55 


P 9.83 


P 9.84 


run ™ 6 ( 1 “i 1 ) 

[b] Vo= 1+jl = ^ 6V 

v 0 = 6cos(10 5 t-90°)V 

[a] 



Because the op-amps are ideal I in = I 0 , thus 

v ab v ab T v ab -v 0 


^ab — 


Iin Io ’ 

V ol = V ab ; y o2 = 


l 


R-2 

Ri 


V ol = — A'V n i = -K v : 


ol 


' ab 


Vo = V o2 = -A'V ab 

Vab-(-A'V ab ) (l + AT)V ab 


Io 


• Z ah = 


z 

Vab 


-z = 


[b] Z = - 
[a] Ii = 
h 


(1 + K)\ ah (1 + K) 

1 7 _ 1 
^ah — 


juC' juC{l + K)' 

120 240 


■ ■■ C ah = C(l + K) 


+ 


24 8.4 + j6.3 

120 120 


= 23.29 - j'13.71 = 27.02 /—30.5° A 


12 24 


= 5/0/A 


120 240 

I 3 =-+-= 28.29 - 713.71 = 31.44/—25.87° A 

12 8A + j6 L - 


b = ^ = 5/0/A; 


120 

I 5 = ^ = 10^!A 


240 


8.4 + j'6.3 


= 18.29 — j‘13.71 = 22.86 /—36.87° A 
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1 1 = 0 I 3 = 15A I 5 = 10A 

[b] 

1 2 = 10 + 5 = 15 A I 4 = -5 A Ifi = 5 A 

[c] The clock and television set were fed from the uninterrupted side of the circuit, 

that is, the 12 Q load includes the clock and the TV set. 

[d] No, the motor current drops to 5 A, well below its normal running value of 

22.86 A. 

[e] After fuse A opens, the current in fuse B is only 15 A. 

P 9.85 [a] The circuit is redrawn, with mesh currents identified: 



The mesh current equations are: 

120/tP = 23I a - 21,, - 20I C 

120 /(f = —2I a + 431,, - 40I C 
0 = — 20I a - 40I fc + 70I C 
Solving, 

I a = 24/CP A l b = 21.96^T A I c = 19.40/tP A 

The branch currents are: 

11 = la = 24/CP A 

1 2 =I a -I 6 = 2.04^A 

1 3 = l b = 21.96/tP A 

1 4 = 1 C = 19.40^r A 

1 5 = la — I c = 4.6/tP A 

1 6 = I 6 - I c = 2.55/tf A 



Problems 9-57 


[b] Let N\ be the number of turns on the primary winding; because the secondary 
winding is center-tapped, let 2N 2 be the total turns on the secondary. From 
Fig. 9.58, 

13,200 _ 240 N 2 _ 1 

Ni 2N 2 Ni 110 

The ampere turn balance requires 

N,l p = N 2 h + N 2 1 3 

Therefore, 

Ip = ^(Ii + Is) = H5< 24 + 21 - 96 ) = 0-42/r A 
Check voltages — 

V 4 = 10I 4 = 194^r V 
V 5 = 20I 5 = 92/tF V 
V 6 = 40I 6 = 102/tF V 


P 9.86 


All of these voltages are low for a reasonable distribution circuit. 



The three mesh current equations are 
120/tF = 23I a - 2I b - 20I C 
120^T = —2I a + 23I b - 20I C 
0 = — 20I a - 20I b + 50I C 
Solving, 

I a = 24/tF A; I b = 24/tF A; I c = 19.2/tF A 

I 2 = la — Ib = 0 A 
N 2 No 

[b] I p = -(I 1 + I 3 ) = ^(I, + I b 
1 

= -(24 + 24) = 0.436/tP A 
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[c] Check voltages — 

V 4 = IOI 4 = 10I C = 192/tP V 
V ,5 = 2 OI 5 = 20(I a — I c ) = 96/tP V 
V 6 = 40I 6 = 20(I b - I c ) = 96/tP V 


Where the two loads are equal, the current in the neutral conductor (I 2 ) is zero, 
and the voltages V 5 and V 6 are equal. The voltages V 4 , V 5 , and V 6 are too low 
for a reasonable dirtribution circuit. 


P 9.87 [a] 


0.02Q j 0 . 02Q 



125 ={R + 0.05 + j0.05)Ii - (0.03 + j0.03)I 2 - R1 3 
125 = -(0.03 + j0.03)Ii + (R + 0.05 + j0.05)I 2 - Rl 3 
Subtracting the above two equations gives 
0 = (R + 0.08 + j0.08)I 4 ~(R + 0.08 + j0.08)I 2 
. . 1 1 — 1 2 so I n = I 4 — I 2 = 0 A 

[b] V 1 = J R(I, —13); V 2 = i?(l2-I 3 ) 

Since I 4 = I 2 (from part [a]) V 4 = V 2 

[c] 

0.02Q j0.02Q 
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250 = (660.04 + j0.04)I a - 660I b 
0 = —660I a + 670I b 


Solving, 

I a = 25.28 /-0.23° = 25.28 - jO.10 A 

I b = 24.90 /- 0.23° = 24.90 - jO.10 A 

h = I a - I b = 0.377 - jO.00153 A 

V x = 60l! = 22.63 - j'0.0195 = 22.64 /-0.23° V 

y 2 = 6 OOI 1 = 226.3 - jO.915 = 226.4 /-0.23° V 


[d] 


0 . 02 Q j 0 . 02 Q 



125 = (60.05 + j0.05)Ii - (0.03 + j0.03)I 2 - 60I 3 
125 = -(0.03 + j0.03)l! + (600.05 + j0.05)I 2 - 600I 3 
0 = -60Ii - 600I 2 + 670I 3 
Solving, 

h = 26.97 /-0.24° = 26.97 - j0.113 A 

1 2 = 25.10 /- 0.24° = 25,10 - jQ.104 A 

1 3 = 24.90 /-0.24° = 24.90 - jO.104 A 
Vi = 60(Ii - Is) = 124.4 /-0.27° V 
V 2 = 600(I 2 - I 3 ) = 124.6 /- 0.20° V 


[e] Because an open neutral can result in severely unbalanced voltages across the 
125 V loads. 
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P 9.88 [a] Let N] = primary winding turns and 2 N 2 = secondary winding turns. Then 

14,000 _ 250 _ . N 2 _ 1 

Nx ~ 2N~ 2 ] " iVT _ 112 = 

In part c), 

Ip = 2al a 

. _ 21V 2 I a _ 1 

' p N, 56 a 

= 4 ( 25.28 -^ 0 . 10 ) 

56 

I p = 451.4 -jl. 8mA = 451.4/: 

In part d), 

IpiVi = Ii n 2 + i 2 n 2 

No 

••• b = jr& + W 

= yy^( 26.97 — jO.ll + 25.10 
= T ^ (52 -°7-J°.22 ) 

I p = 464.9 - j 1.9 mA = 464.9 /-0.24° mA 


0.23° mA 


-jO.10) 


[b] Yes, because the neutral conductor carries non-zero current whenever the load 
not balanced. 
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Sinusoidal Steady State Power 
Calculations 


Assessment Problems 

AP 10.1 [a] V = 100 /-45° V, I = 20A5°A 
Therefore 

P = ^(100)(20) cos[—45 - (15)] = 500 W, A —>■ B 

Q = 1000 sin -60° = -866.03 VAR, B —>■ A 

[b] V = 100 /- 45 0 , I = 20 /165° 

P = 1000 cos(—210°) = -866.03 W, B —>■ A 

Q = 1000 sin(—210°) = 500 VAR, A —>■ B 

[c] V = 100 /-45° , I = 20 /- 105° 

P = 1000 cos(60°) = 500 W, A —)■ B 

Q = 1000 sin(60°) = 866.03 VAR, A —)■ B 

[d] V = 100/07, I = 20 /120° 

P = 1000 cos(—120°) = -500 W, B —)■ A 

Q = 1000 sin(—120°) = -866.03 VAR, B —)■ A 
AP 10.2 pf = cos(6 ) „ — 9i) = cos[15 — (75)] = cos(—60°) = 0.5 leading 

rf = sin(A> — 0i) = sin(—60°) = —0.866 


10-1 
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AP 10.3 From Ex. 9.4 I e g = —j= = A 

^3 V3 


p = i; s r = 


0.0324 


(5000) = 54 W 


AP 10.4 [a] Z = (39 + j26)||(—j'52) = 18 - ,/20 = 52 /- 22.62° Q. 

Therefore 1/ =-—-_ 4.85/18.08° A(rms) 

48 — j20 + 1 + j4 L - v ; 

V L = ZI e = (52 /— 22.62°) (4.85 /18.08° ) = 252.20 /- 4.54° V(rms) 


It =--— = 5.38/- 38.23° A(rms) 

39+j26 L - v ; 


[b] S L = Y l V l = (252.20 /- 4.54°) (5.38 /+ 38.23°) = 1357 /33.69° 

= (1129.09 + j752.73) VA 

P L = 1129.09 W; Q l = 752.73 VAR 

[c] P t = |I £ | 2 1 = (4.85) 2 • 1 = 23.52 W; Q t = |R| 2 4 = 94.09 VAR 

[d] ^(delivering) = 2501^ = (1152.62 - j376.36) VA 

Therefore the source is delivering 1152.62 W and absorbing 376.36 
magnetizing VAR. 


1+] Q cap 


|V L | 2 (252.20) 2 


? cap = L - L ^- = v - '-P- = -1223.18 VAR 

‘ p -52 -52 

Therefore the capacitor is delivering 1223.18 magnetizing VAR. 

Check: 94.09 + 752.73 + 376.36 = 1223.18 VAR and 
1129.09 + 23.52 = 1152.62 W 


AP 10.5 Series circuit derivation: 


5 = 2501* = (40,000 - j30,000) 


Therefore I* = 160 - j 120 = 200 /- 36.87° A(rms) 
I = 200 /36.87° A(rms) 


V 250 

Z=- = - 7 -— = 1.25/- 36.87° = (1 - ?0.75) O 

I 200/36.87° L - v ' 


Therefore R = lfl, 


X c = -0.75 n 



Problems 10-3 


Parallel circuit derivation: 

(250) 2 


P = 


R ’ 


(250) 2 

therefore R = -= 1.5625 i l 

40,000 


Q = 


(250) s 

X r . 


(250) 2 

therefore Xq = -= —2.083 0 

-30,000 


AP 10.6 Si = 15,000(0.6) +j'15,000(0.8) = 9000 + jl2,000VA 
S 2 = 6000(0.8) +j6000(0.6) = 4800 - j3600VA 
S T = S 1 + S 2 = 13,800 + j'8400 VA 

S T = 2001*; therefore I* = 69 + j42 I = 69 - j42 A 

V s = 200 + j\ = 200 + j69 + 42 = 242 + j69 = 251.64 /15.91° V(rms) 

AP 10.7 [a] The phasor domain equivalent circuit and the Thevenin equivalent are shown 
below: 

Phasor domain equivalent circuit: 

j 18 Q 



Thevenin equivalent: 


20Q 

-Wr- 


jlOQ 


« a 


Q)53.67/-26.57°V 


* b 


Vti, — 3 


—j'800 

20 - j40 


= 48 - j'24 = 53.67 /- 26.57° V 


Z Th = 4 + j 18 + • />IHI = 20 + jlO = 22.36 /26.57° 

Zj\J j 

For maximum power transfer, Zj, = (20 — j 10) 0 
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rb] 1 = 53.67/- 26.5r =L34 / _ m5r A 


40 


Therefore P = 


1.34 


20 = 18 W 


[c] R l = \Z Th \ = 22.36 Q 
53.67 /- 26.57' 


[d] I 


42.36 + j 10 


y/2 

= 1.23 /-39.85° A 


Therefore P = 


1.23 


(22.36) = 17W 


AP 10.8 



Mesh current equations: 

660 = (34 + j50)h + jlOOih - I 2 ) + jAOI, + j40(h - I 2 ) 
0 = j'100(I 2 - Ii) - j'40I] + 100I 2 


Solving, 


11 = 3.536 /-45° A, 

1 2 = 3.5/0/ A; .-. P = ^(3.5) 2 (100) = 612.50 W 

AP 10.9 [a] 

j400Q ^ ^ jlOOOQ 


248 



400Q 


248 = j400I, - j500I 2 + 375(Ii - I 2 ) 

0 = 375(I 2 - h) + jl000I 2 - j500l! + 400I 2 
Solving, 

Ii = 0.80 - j0.62 A; I 2 = 0.4 - j0.3 = 0.5 /-36.87° A 
.-. P = ^(0.25)(400) = 50 W 



Problems 10-5 


[b] Ii — Io = 0.4 — j0.32 A 

P 375 = ^|Ii - I 2 | 2 (375) = 49.20 W 

[c] P g = ^(248)(0.8) = 99.20 W 

^abs = 50 + 49.2 = 99.20 W (checks) 

AP 10.10 [a] y T h = 210/0!V; V 2 = |V i; h = \\ 2 
Short circuit equations: 

840 = 80Ii - 20I 2 + Vi 

0 = 20(I 2 - Ii) - V 2 

.'. I 2 = 14 A; i?Th = = 1512 

/ 210\ 2 

[b] P max = [ 3() J 15 = 735 W 

AP 10.11 [a] V T h = —4(146/0!) = -584/3!V(rms) = 584 /180° V(rms) 
y 2 = 4V i; h = — 4I 2 
Short circuit equations: 

146/0! = 80Ii - 20I 2 + V! 

0 = 20 (I 2 — Ii) + V 2 

I 2 =-146/365 =-0.40 A; i? Th = = 146012 

[b] P = 1460 = 58.40 W 

V 2920 J 
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Problems 


P10.1 [a] P = ^(100)(10) cos(50 — 15) = 500 cos35° = 409.58 W (abs) 

Q = 500 sin 35° = 286.79 VAR (abs) 

[b] P = ^(40)(20) cos(—15 - 60) = 400cos(-75°) = 103.53 W (abs) 

Q = 400 sin(—75°) = -386.37 VAR (del) 

[c] P = *(400)(10) cos(30 - 150) = 2000 cos(-120°) = -1000 W (del) 

Q = 2000 sin(—120°) = -1732.05 VAR (del) 

[d] P = i(200)(5) cos(160 - 40) = 500 cos(120°) = -250 W (del) 

Q = 500 sin (120°) = 433.01 VAR (abs) 

P 10.2 p — P + P cos 2u>t — Q sin 2cot; = — 2coPsin2ujt — 2coQcos2u>t 

dt 


— = 0 when 
dt 


— 2 ujP sin 2 ut = 2 uQ cos 2 ut or tan 2ut 


Q 


p 



Q 


cos 2 cut 


P 

y/P 2 + Q 2 ’ 


sin 2 ut 


Q 

VP 2 + Q 2 


Let 9 = tan 1 (—Q/P), then p is maximum when 2ut = 9 and p is minimum when 
2c ot = (6 + 7r). 

Therefore Pmx = P + P-• _ -g=2L = P + 


- o ■ 

VP 2 + Q 2 VP 2 + Q 2 


and P min = P~P- 


P~^/P 2 + Q 2 



Problems 10-7 


P 10.3 [a] hair dryer = 600 W vacuum = 630 W 

sun lamp = 279 W air conditioner = 860 W 
television = 240 W £ P = 2609 W 
2609 


Therefore J eff = 


= 21.74 A 


120 

Yes, the breaker will trip. 

[b] J2 P = 2609 - 909 = 1700 W; 


= 7°° = 14.17 A 
120 


Yes, the breaker will not trip if the current is reduced to 14.17 A. 


P 10.4 

[a] Jeff = 40/115 ^ 0.35 A; 

[b] / e ff 


V 2 fto+T 

v 2 

P 10.5 

W dc = W s = / 

-pr dt 


R J to 

R 


V} Ro+t v 2 

.-. % T= / 



R 


'to 


R 


1 rt 0 +T 

Vdc = fl Vs dt 


/ 1 f'o+T 

kdc = \J £ J Vgdt — V rms = Pcff 


P 10.6 [a] Area under one cycle of v 2 : 


A = (5 2 )(2)(30 x 10" 6 ) + 2 2 (2)(37.5 x 10" 6 ) 
= 1800 x 10" 6 


Mean value of v 2 : 


M.V. = 


A 


1800 x 10 


-6 


200 x 10- 6 200 x 10- 6 

Kms = V9 = 3 V (rms) 


= 9 


[b] P = 


v: 


2 

rms 


= 4 W 


R 2.25 
P 10.7 i(t) = 200f 0<f<75ms 

i(t) = 60 — 600f 75 ms < t < 100 ms 


l~A ( /•0.075 Ton i 

= J—{ (200 ) 2 t 2 dt+ (60 - 600 t) 2 dt\ 

V 0.1 U 0 J 0.075 J 

= ^10(5.625) + 10(1.875) = V75 = 8.66 A(rms) 
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q x 10 3 

P 10.8 P = I? ms R R = 75 = 40 14 

P 10.9 I g = 40^r mA 

jujL = j'10,00014; 


4 0/0°mA 


juC 


= -j'10,000 14 



I» = 4^ (40/0!) = 80/90! mA 

P = i|I o | 2 (5000) = ^(0.08) 2 (5000) = 16W 

Q = 1|I 0 | 2 (—10,000) = -32 VAR 
S = P + jQ = 16 - j’32 VA 


\S\ = 35.78 VA 


P 10.10 I g = 4/tfmA; 


1 

juC 


—jl25014; 


juL = j50014 


soon 

—va— 



i o o on 

-VA— 

-j!250n 


j 500(4 


Z cq = 500 + [r-j 125011 (1000 + j500)] = 1500 - j500 12 
P g = -I|/| 2 Re{Z eq } = -i(0.004) 2 (1500) = -12 mW 
The source delivers 12 mW of power to the circuit. 


jlGkfi 




Problems 10-9 


P 10.11 juL = j' 10 5 (0.5 x 10 -3 ) = j'50£9; -- = -j30fi 

J J v 7 J jwC jl0 5 [(l/3) x 10- 6 ] J 



Place the equations in standard form: 

V ° (j50 + 40 — j'3o) + (40-430) " 4 

V ”fe) +W - 1) = ° 


Solving, 

V 0 = 200 - j400 V; I A = -8 - jA A 
I 0 = 4 — (—8 — jA) = 12 + jA A 

P 400 = ^|I o | 2 (40) = ^(160)(40) = 3200 W 

P 10.12 [a] line loss = 7500 - 2500 = 5kW 

line loss = |I 9 | 2 20 .'. |I 5 | 2 = 250 

20Q jX^Q 

50 0/0° 

V (ms 



I 9 | = V250A 
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\l g \ 2 RL = 2500 i? L = 10fi 

\l g \ 2 X L = -5000 AY - -201) 

Thus, 

20Q jX^Q 10Q 



Solving, (Xg — 20) = ±10. 

Thus, Xg = 1012 or Xg = 3012 


[b] If Xg = 30 ft: 

I - 500 - 15 7 5 A 

9 30+ . 7 10 J 

S g = -5001* = -7500 - j'2500 VA 

Thus, the voltage source is delivering 7500 W and 2500 magnetizing vars. 
Q j30 = \l g \ 2 Xg = 250(30) = 7500 VAR 

Therefore the line reactance is absorbing 7500 magnetizing vars. 

Q- j20 = \Iy\ 2 X L = 250(—20) = -5000 VAR 

Therefore the load reactance is generating 5000 magnetizing vars. 

£Q gen = 7500 VAR = ^Q abs 
If AT = 10 O: 


I 0 =-= 15 ± ?5A 

9 30 — j 10 J 

S g = -5001* = -7500 ± j'2500VA 

Thus, the voltage source is delivering 7500 W and absorbing 2500 magnetizing 


Q jl0 = |I 3 | 2 (10) = 250(10) = 2500 VAR 

Therefore the line reactance is absorbing 2500 magnetizing vars. The load 
continues to generate 5000 magnetizing vars. 

£Q gen = 5000 VAR = ^Q abs 



Problems 10-11 


P 10.13 Z { = —j'10,000||20,000 = 4000 - j8000Q 


Zi = 2000 - j2000 n 

Z { _ 4000 - j'8000 _ Q 
~Z K “ 2000 - 72000 “ ~ J 

Vo = -|v 9 ; V, = I/O! V 

y o = (3 — jl)(l) = 3 -.71 = 3.16 /-18.43° V 


P 


1 V 2 
_ 171 

2 R 


1 ( 10 ) 

21000 


5 x 10 " 3 = 5 mW 


P 10.14 [a] P 


1(240) 2 
2 480 


60 W 


1 

uC 


-9 x 10 6 
(5000) (5) 


—36012 


1 (240) 2 

2 (-360) 


-80 VAR 


Pmax = P + \Jp 2 + Q 2 = 60 + \J (60) 2 + (80) 2 = 160 W (del) 


[b] Pmin = 60 - V 60 2 + 80 2 = —40 W(abs) 

[c] P = 60 W from (a) 

[d] Q = -80 VAR from (a) 

[e] generate, because Q < 0 

[f] pf = cos(0„ - 0i) 


240 | 240 

480 + — j360 


0.5 + j0.67 = 0.83 /53.13° A 


.'. pf = cos(0 — 53.13°) = 0.6 leading 
[g] rf = sin(—53.13°) = -0.8 
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P 10.15 [a] 


ion 


12 n 



j 16 Q 


The mesh equations are: 

(10 — j20)Ii + (j 20)I 2 = 170 
(j20)l! + (12 - j 4)I 2 = 0 
Solving, 

Ii=4 + jlA; I 2 = 3.5 — j'5.5 A 
S = -Y g It = —(170) (4- jT) = -680 +J170VA 


[b] Source is delivering 680 W. 

[c] Source is absorbing 170 magnetizing VAR. 

[d] -Pion = (\/l7) 2 (10) = 170W 

Pun = (\/42~5) 2 (12) = 510W (R - I 2 ) = 0.5 + j6.5 A 
Q- j2 m = (V4^5) 2 (20) = -850 VAR \h - I 2 | = V42A 
Qi 160 = (V4^5) 2 (16) = 680 VAR 

[e] ^P del = 680W 

E Pdiss = 170 + 510 = 680 W 

••• E P del = E P diss = 680W 

[f] E = 170 + 680 = 850 VAR 


EQdev = 850 VAR 


E ma g VAR dev = E ma g VAR abs = 850 



Problems 10-13 


P 10.16 [a] —— = — j'40Q; juL = j80Q 

jujC 


4 0 Q 



40/0° 

h= on r~rn = 0-32-j0.24 A 

80+j60 

^ = -^V 9 i; = —^40(0.32 + j'0.24) = -6.4-j4.8VA 

P = 6.4W(del); Q = 4.8 VAR(del) 

|5| = |5 ff | = 8VA 
— 140 

[b] Ii = -—-——I = 0.04 - j0.28 A 

40 — j40 9 J 

Prm = ^|Ii| 2 (40) = 1.6 W 

non = ^|I 5 | 2 (60) = 4.8W 

E p diss = 1.6 + 4.8 = 6.4 W = E Pde V 

[c] I-j 4 on = Ig — Ii = 0.28 + j0.04A 

Q-j 4 on = ^ |I—g 4 oo| 2 (—40) = —1.6VAR(del) 

Qi son = ^ | Ip | 2 (80) = 6.4 VAR(abs) 

E^abs = 6.4 - 1.6 = 4.8 VAR = E Qdev 
P 10.17 [a] Z\ = 240 + j70 = 250 /16.26° Q 


pf = cos(16.26°) = 0.96 lagging 
rf = sin(16.26°) = 0.28 
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Z 2 = 160 — j’120 = 200 /— 36.87° 
pf = cos(—36.87°) = 0.80 leading 
rf = sin(—36.87°) = -0.60 
Z 3 = 30 - j’40 = 50 /— 53.13° Tt 
pf = cos(—53.13°) = 0.6 leading 
rf = sin(—53.13°) = -0.8 
[b] Y = Y 1 + Y 2 + Y 3 

Y = 1 ■ Y = 1 Y = 1 
1 250 /16.26° ’ 2 200 /- 36.87° ’ 3 50 /- 53.13° 

Y = 19.84 + j 17.88 mS 
Z =y = 37.44 /— 42.03° Tl 
pf = cos(—42.03°) = 0.74 leading 
rf = sin(—42.03°) = -0.67 

P 10.18 [a] Si = 16 + j'18kVA; S 2 = 6 - j'8kVA; S 3 = 8 + jOkVA 
S T = S ± + S 2 + S 3 = 30 + jlOkVA 
250F = (30 + jlO) x 10 3 ; /. I = 120-j40A 

250 

Z = -= 1.875 + 70.625 = 1.98/18.43° Tl 

120 - j'40 J L - 

[b] pf = cos(18.43°) = 0.9487 lagging 

P 10.19 [a] From the solution to Problem 10.18 we have 

I L = 120 — j40 A(rms) 

.’. V, = 250/0/ + (120 — j40) (0.01 + j0.08) = 254.4 + j9.2 
= 254.57 /2.07° Y(rms) 

[b] |I L | = ^16,000 

P t = (16,000) (0.01) = 160 W Qi = (16,000) (0.08) = 1280 VAR 

[c] P s = 30,000 + 160 = 30.16kW Q s = 10,000 + 1280 = 11.28 kVAR 

30 

[d] V = T^( 100 ) = 99.47% 

30.16 



Problems 10-15 


P 10.20 S’j' = 4500 ~ 3 QgQ (0.28) = 4500 - j 1312.5 VA 
2700 

51 = —— (0.8 + j0.6) = 2700 + j2025 VA 

0.8 

5 2 = S T - S 1 = 1800 - j'3337.5 = 3791.95 /- 61.66° VA 
pf = cos(—61.66°) = 0.4747 leading 


P 10.21 


j 4(4 



24001/ = 60,000 + j40,000 

1/ = 25 + j'16.67; I x = 25 - j 16.67 A(rms) 

24001/ = 20,000 -jlO,000 

1/ = 8.33 - j4,167; .'. I 2 = 8.33+j4.167 A(rms) 


Is 


2400/0/ 

144 


16.67 + j 0 A; 


I 4 


2400/0/ 

j96 


0 - j 25 A 


I g — Ii + I 2 + I 3 + I 4 — 50 — j37.5 A 

V 9 = 2400 + (j4)(50 — j37.5) = 2550 +j200 = 2557.83 /4.48° V(rms) 

P 10.22 [a] Si = 60,000 -.770,000 VA 

S 2 = = (25QQ) = 240,000 + j70,000 VA 

Z 2 * 24 — j7 

S 1 + S 2 = 300,000 VA 

25001/ = 300,000; A I L = 120/0/A(rms) 

V s = V L + I L (0.1+jl) = 2500 + (120)(0.1 +jl) 

= 2512 + jl20 = 2514.86 /2.735° V(rms) 
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[b] T = \ = 16.67ms 

/ 60 

2.735° _ t 
360° 16.67 ms’ 


t = 126.62 /is 


[c] Vl lags \ y by 2.735° or 126.62 fis 



P 10.23 [a] From the solution to Problem 9.56 we have: 



1072'/45°A 


Y o = j80 = 80/90° V 

S g = - l -\ o r g = -I( j8 0)(10-Jl0) = —400 — j400 VA 

Therefore, the independent current source is delivering 400 W and 400 
magnetizing vars. 

I 1 = ^=jl6A 
5 

P 5n = ^(16) 2 (5) = 640W 

Therefore, the 8 Q resistor is absorbing 640 W. 

I A = = —10 A 

~j8 

Qca P = ^(10) 2 (-8) = -400VAR 

Therefore, the —j 8 f1 capacitor is developing 400 magnetizing vars. 

2.41 A = -24 V 

_ V 0 2. 41 a _ j80 + 24 

2 ~ ;4 ~ — ]T~ 

= 20 — j6 A = 20.88 /— 16.7° A 




Problems 10-17 


QjA — ~ 11 2 1 2 (4) — 872 VAR 

Therefore, the j'4 Q inductor is absorbing 872 magnetizing vars. 


-S'd.B. = |(2.4 I a )F 2 = |(-24)(20 + j 6 ) 

= -240 - j72VA 

Thus the dependent source is delivering 240 W and 72 magnetizing vars. 
[b] £ Pgen = 400 + 240 = 640 W = £ P abs 
[C] £ Q gen = 400 + 400 + 72 = 872 VAR = £ Q abs 

P 10.24 [a] From the solution to Problem 9.58 we have 



I a = -jl0A; I b = —20 + j'10 A; I 0 = 20 - j20 A 

Sioov = — ^( 100 )I a = —50(jl0) = -J500VA 

Thus, the 100 V source is developing 500 magnetizing vars. 

Sj ioov = -|C/100)IS = —j50(—20 — j'10) 

= -500 + j 1000 VA 

Thus, the j'100 V source is developing 500 W and absorbing 1000 magnetizing 
vars. 

P on = ^|I a | 2 (10) = 500W 

Thus the 10 resistor is absorbing 500 W. 

Q-jion = ^|I b | 2 (- 10 ) = -2500 VAR 

Thus the — j 10 Q capacitor is developing 2500 magnetizing vars. 

Qj 50 = ||Io| 2 (5) = 2000 VAR 

Thus the j 5 fl inductor is absorbing 2000 magnetizing vars. 

[b] E P iev 500 w = £ 

P Bibs 
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P 10.25 [a] I = 


[c] eq dev 500 + 2500 = 3000 VAR 

Qabs = 1000 + 2000 = 3000 VAR = Q de 
465/tT 


[b] V L = 


124 + j'93 
P = (3) 2 (4) = 36 W 
1 


= 2.4 - j'1.8 = 3 /— 36.87° A(rms) 


120 + j'90 


X r . = 


= 5.33 - j 4 mS 


= -250 ft 


-4 x 10~ 3 


[c] Zl = 

[d] I 


5.33 x 10- 3 
465/tP 


= 187.512 


- = 2.43 /- 0.9° A 


[e] 


P 10.26 [a] 


191.5+j3 

P = (2.43) 2 (4) = 23.58 W 

, 23.58 . , 

-(100) = 65.5% 


36 

Thus the power loss after the capacitor is added is 65.6% of the power loss 
before the capacitor is added. 



j5on 


2501* = 7500 + j2500; 

.'. Ii = 30 — jlO A(rms) 

250i; = 2800 - j'9600; 

.'. I 2 = 11.2 + j38.4 A(rms) 

500 500 

— j 10 A(rms) 

3 12.5 j'50 

l gl =l!+I 3 = 70-j20A 


Sg1 = 250(70 + j20) = 17,500 +j5000VA 





Problems 10-19 


P 10.27 


P 10.28 


Thus the V s i source is delivering 17.5 kW and 5000 magnetizing vars. 

\ g 2 = 1 2 + I 3 — 51.2 + j'28.4 A(rms) 

S g2 = 250(51.2 — j’28.4) = 12,800 - j7100VA 

Thus the \ g2 source is delivering 12.8 kW and absorbing 7100 magnetizing 


vars. 


[b] J2 P sen = 17.5 + 12.8 = 30.3 kW 

15001 2 

E p abs = 7500 + 2800 + = 30.3kW = E P gen 

E Qdei = 9600 + 5000 = 14.6 kVAR 

E Qabs = 2500 + 7100 + = 14.6 kVAR = E Qdei 

51 = 1200 + 1196 = 2396 + jO VA 

Il = W = 19 ' 97A 

5 2 = 860 + 600 + 240 = 1700 + jO VA 
1700 


I 


2 — 


120 


= 14.167 A 


S 3 = 4474 + 12,200 = 16,674 + j 0 VA 
16,674 


h 


240 


= 69.48 A 


\ g i = I x +1 3 = 89.44 A 
lg 2 = I 2 + I 3 = 83.64 A 

Breakers will not trip since both feeder currents are less than 100 A. 


[a] 


0.05(7 




V ,2 



+ 


E50/0 


II 


0.05£7 

4000 -j 1000 


125 


= 32 — j8 A (rms) 
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T 5000 — j2000 ^ . / , 

I 2 =-—--= 40 — j 16 A (rms) 

125 

10 , 000 + j 0 

h = -250- = 40 +^ 0A ( ms ) 

l g i = Ii + I 3 = 72 - j8 A (rms) 

I„ = Ii - I 2 = -8 + j8 A (rms) 
l g 2 = I 2 + I 3 = 80 - jl6 A (rms) 

V s i = 0.05I sl + 125 + 0.15I n = 127.4 + j0.8 V(rms) 

V S 2 = —0.15I n + 125 + 0.05I S 2 = 130.2 - j2 V(rms) 

S g 1 = [(127.4 +j0.8) (72+j8)] = [9166.4 + jl076.8] VA 
S g 2 = [(130.2 -j2) (80 + j 16)] = [10,448 + j 1923.2] VA 


Note: Both sources are delivering average power and magnetizing VAR to the 
circuit. 

[b] P om = |I s i| 2 (0.05) = 262.4W 
P 0 .i5 = |I„| 2 (0.15) = 19.2W 
^0.05 = |I 92 | 2 (0.05) = 332.8 W 

P dis = 262.4 + 19.2 + 332.8 + 4000 + 5000 + 10,000 = 19,614.4 W 
^P dev = 9166.4 + 10,448 = 19,614.4 W = ]TP dis 
^ Qabs = 1000 + 2000 = 3000 VAR 
^2 Qdei = 1076.8 + 1923.2 = 3000 VAR = T.Q abs 


P 10.29 [a] Let V L = 


IQ 

A AAA 

> 

j2Q 


W VVv— 

+ 

120 /6° 

V ( rms) 

A 


+ 

/ ° 
V /o 

mi— 


600(0.8 +j0.6) : 

= 480 + )360 VA 


480 .360 

480 

.360 


V 1-4 V^’ 

v m v m 

le ~\T 

v m 

v m 
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120/9 — V m + 


/480 .360\ 

\v J ^v~) 

\ v m v m ' 


(I+J'2) 


120 V m /9 = V* + (480 - j'360)(l + j2) = V* + 1200 + j'600 


120V m cos e = V,l + 1200; 120V m sin 6 = 600 


(120) V „ 2 = (V„ 2 + 1200) 2 + 600 2 
14,4001/ 2 = V 4 + 2400V£ + 18 x 10 5 


or 

V 4 n - 12,000+ 18 x 10 5 = 0 
Solving, 


V m = 108.85 V and V m 

If V m = 108.85 V: 

• „ 600 

smt/ = -—-- 

(108.85)(120) 

If V m = 12.326 V: 

. 600 

(12.326)(120) 


12.326 V 

0.045935; 

0.405647; 


9 


9 


[b] 



2.63° 


23.93° 



P 10.30 [a] S L = 20,000(0.85 + j0.53) = 17,000 + jlO,535.65 VA 

125I£ = (17,000 + j'10,535.65); I* = 136 + j84.29 A(rms) 
.-. I L = 136 - j84.29A(rms) 

V s = 125 + (136 — j84.29) (0.01 + j0.08) = 133.10 + j'10.04 
= 133.48 /4.31° V(rms) 

|V S | = 133.48 V(rms) 

[b] P t = |I £ | 2 (0.01) = (160) 2 (0.01) = 256W 
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P 10.31 


[c] 


( 125 )- 

Xf, 


-10,535.65; 


1 

Zkj 


-1.48; 


C 


[d] C = 136 + j 0 A(rms) 


Xq — —1.48312 


1 

(1.48)(120vr) 


1788.59 n F 


V s = 125 + 136(0.01 +j0.08) = 126.36 + jl0.88 
= 126.83 /4.92° V(rms) 

|V S | = 126.83 V(rms) 

[e] P t = (136) 2 (0.01) = 184.96W 


2Q jlOQ 


#-r--- - - 

+ ^ I z + 




4800/0°V 

192kVA 



0 .8 lag 


«- 





153,600 — j'115,200 
4800 


32 — j24 A(rms) 


4800 _ .4800 
-jXc ~ J XcT 


jlc 


h = 32 - j24 + jl c = 32 + j(I c - 24) 


V s = 4800 + (2 + jl0)[32 + j(I c - 24)] 

= (5104-10/c) +j( 272 + 2/ c ) 

|V S | 2 = (5104 - 10/ c ) 2 + (272 + 2/ c ) 2 = (4800) 2 
.-. 104/q - 100,992/c + 3,084,800 = 0 
Solving, I c = 31.57 A(rms); I c = 939.51 A(rms) 


*Select the smaller value of Ic to minimize the magnitude of A . 


.-. X c = = -152.04 


.'. C = 


31.57 

1 


(152.04) (120tt) 


= 17.45 /iF 




Problems 10-23 


P 10.32 


P 10.33 


P 10.34 


Z L = \Z h \/F = \Z L \ cos9°+j\Z L \sin0° 


Thus II 


_|Vrh|_ 

^(i? Th + |Z L | cos 0) 2 + (X Th + |Z L | sin 0)2 


Therefore P 


0.5 Vtii 

2 

\Z L \ 

COS d 

(i?Th + 

|^l| 

cos d) 2 

+ (-^Th + 

IZlI 

sin #) 2 


Let D = demoninator in the expression for P , then 

dP (0.51V T h| 2 cosd)(D • 1 - \Z L \dD/d\Z L \) 


d\Z L \ 

dD 

d\Zr | 

dP 

~d\Zh\ 


D 2 

= 2(f?Th + \Z L \ cos 6) cos 6 + 2(X Th + \Z L \ sin#) sin# 

, , ( dD \ 

= 0 when D = \Zi 


d\Z L 


Substituting the expressions for D and (dD/d\Z L \) into this equation gives us the 
relationship P 2 I U + X| h = \Z L \ 2 or |Z Th | = \Z L \. 

[a] Z Th = j'401|40 — j40 = 20 — j20 

.-. Z L = Z^ h = 20 + j20n 

[bl VT » = i0^40 (120)= 6 °- j60V 

200 - j 20Q 20Q 

-YA -HI-•-VW- 


I 


60-j 60 V (t) 


j 200 


1= 60-j60 

40 

P load = ||I| 2 (20) = 45W 

115.2 + j33.6 — 240 115.2 + j33.6 

3 ZTh + 80 - j60 

.-. Z Th = 40-jl00n 


0 


Z L =40 + jlOOO 
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[b] I 


= w = 3A(rms) 

P = (3) 2 (40) = 360 W 


P 10.35 [a] Z Th = [(3 + j'4) || - j 8 ] 4- 7.32 - j'17.24 = 15 - j 15 
.'. P = |Z Th | = 21.21H 

[b] V Th = 77 -^ 7 - 7 ( 112 . 5 ) = 144 — jl08 V(rms) 


15Q 


- j 15Q 



21.21Q 


144-j 108 
“ 35.21 - jl5 

P = |I| 2 (21.21) 


= 4.45 -jl. 14 
447.35 W 


P 10.36 [a] Open circuit voltage: 


250 jlOQ Vi 10 



Vi = 510 = 5 

(25+jlO)I 0 = 
100 

0 “ 30+. 7 10 


100 - 51 ^ 

25 + j 10 

= 100 - 510 
= 3 — jl A 


Vxh — 


j3 

1 + j3 


(51^) = 15/tP V 
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I 2 = Ii + II = 7-5 — j 2.5 A(rms) 

51^ = I 2 + . . I</> = 3 — j1 A 

Id.s. = !</, I 2 = -4.5 + j 1.5 A 

= -100(3 + jl) = -300 - jlOO VA 
S dA = 5(3-jl)(-4.5-jl.5) = -75+jOVA 

Pdev = 300 + 75 = 375 W 
62 5 

% developed = ——(100) = 16.67% 

O / 0 

Checks: 

P 25 n = ( 10 ) (25) = 250 W 
Pin = (62.5) (1) = 62.5 W 
P 0 . 9n = 62.5 W 

P abs = 250 + 62.5 + 62.5 = 375 W = ^ P dev 
Q il0 = (10) (10) = 100 VAR 
Qjz = (6.94) (3) = 20.83 VAR 
Q - j0 .3 = (69.4) (-0.3) = -20.83 VAR 
Q source = —100 VAR 

^2 Q = 100 + 20.83 - 20.83 - 100 = 0 
P 10.37 [a] Open circuit voltage: 



= 40 + j 80 V(rms) 



Problems 10-27 


V T h = V* + 0.1V^(—j'5) = V 0 (l - j0.5) = 80 + j60 V(rms) 
Short circuit current: 



I 


SC 


o.iv* + \ 

~J 5 


(0.1+j0.2)V* 


V* — 100 \ fj) v* 

5 j5 + ^]5 ' 
= lOOV(rms) 

I sc = (0.1 + j0.2)(100) = 

VTh 80 + j60 

Zj Th — - — - 

Isc 10 + J20 

.'. R 0 = \Z Th \ = 4.479 


0 


10 + j20 A(rms) 
= 4 - j2 n 


[b] 



I = 80 = 7.36 + j8.82 A(rms) 

4 + \/20 — j2 y ’ 

P = (11.49) 2 (v / 20) = 590.17 W 
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[c] 


8 0 +j 60 
V(rms) 


-VA- 

4Q 


- j 2 Q 


-AVv— 

4Q 


© 


j 2 Q 


80 + j'60 
8 


10 + j7.5 A(rms) 


P = (10 2 + 7.5 2 )(4) = 625 W 



- 100 V^-(25+j50) = 

5 J'5 -jo 

V 0 = 50 + j25V(rms) 

O.IV^, = 5 + j'2.5 
5 + J2.5 + I c = 10 + 77.5 

\c = 5 + j5 A(rms) 

V, 

I l = —- = 5 — jlO A(rms) 
j5 

I/? = I c + II = 10 - jh A(rms) 

I 9 = l n + 0.1= 15 - j'2.5 A(rms) 

S g = -1001* = -1500 - j250 VA 

100 = 5(5 + 72.5) + V cs + 25 + 750 + V cs = 50 - j62.5 V(rms) 

S cs = (50 — j'62.5) (5 — 72.5) = 93.75 — j437.5 VA 

Thus, 

^P dev = 1500 

025 

"= 1500 (10 °) = 4L67% 


% delivered to R, 



Problems 


10-29 


P 10.38 [a] First find the Thevenin equivalent: 

jujL = j'3000 


Zrh — 
Vxh = 


6000|| 12,000 + ^3000 

12,000 


6000 + 12,000 


(180) 


= 4000 + j3000 ft 

120/trv 


^ = -jiooon 


-VA- 


-AVv- 


12 0 V (j) 


4000Q j300 OQ 2000Q 

-jlOOOQ 


120 


6000 + j2000 
1 


= 18 — j 6 mA 


P = 4|I| 2 (2000) = 360 mW 


[b] Set C 0 = 0.1 /jF so -j/uC = -j 2000 Q 
Set R 0 as close as possible to 

R 0 = V4000 2 + 1000 2 = 4123.1 ft 


j 3000 - j2000 = jlOOO ft 


[c] 


.-. i? o = 4000fi 
120 

“ 8000 +j 1000 
P = ^|I| 2 (4000) 


14.77 - jl.85 mA 


443.1 mW 


Yes; 443.1 mW > 360 mW 

[d] I = = 15 mA 

8000 

P = ^(0.015) 2 (4000) = 450 mW 

[e] R 0 = 4000 ft] C 0 = 66.67 nF 

[f] Yes; 450 mW > 443.1 mW 
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P 10.39 [a] Set C 0 — 0.1 /iF, so —j/tuC = —j200019; also set R 0 = 4123.1 Ft 


8123.1+ jlOOO 


= 14.55 -j 1.79 mA 


P = -|I| 2 (4123.1) = 443.18 mW 

[b] Yes; 443.18 mW > 360 mW 

[c] Yes; 443.18 mW < 450 mW 

P 10.40 [a] + = ICO A; C = = 26.53 ,F 

13,800 13,800 , 

[b] = ^00“ + 7100“ = 46 - Jl38 A(ms) 

Y swo = 13,800 + (46 — j 138) (1.5 + j’12) = 15,525+^345 
= 15,528.83 /1.27° V(rms) 


13,800 


= 46 A(rms) 


V sw = 13,800 + 46(1.5 + j 12) = 13,869 + j 552 = 13,879.98 /2.28° V(rms) 

ft/ /15,528.82 \ . , 

% lncrease = (l3^m98 - 1 ) (100) = 11 ' 88% 

[C] P«wo = 146 — j 1381 2 1.5 = 31.74 kW 


P ew = 46 2 (1.5) = 3174 W 


increase = 


31,740 


- 1 (100) = 900% 


P 10.41 [a] R 0 = original load = 1600 + j 1600 (0.6) = 1600 + jl200kVA 

0.8 

1920 

S f = final load = 1920 + j -(0.28) = 1920 + j560kVA 

0.96 

Qadded = 560 - 1200 =-640kVAR 

[b] deliver 

[c] R a = added load = 320 - j'640 = 715.54 /- 63.43° kVA 


pf = cos(—63.43) = 0.4472 leading 
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= (1600 + j 1200 ) x 10 3 = 666 QA 

L 2400 J 

I L = 666.67 - 7500 = 833.33 /- 36.87° A(rms) 

|I L | = 833.33 A(rms) 

* (1920 +7560) x 10 3 

[e 1/ = -- - - 1 -= 800 + 7233.33 

L 2400 J 

I L = 800 - 7233.33 = 833.33 /- 16.26° A(rms) 
|I L | = 833.33 A(rms) 


P 10.42 [a] 

-^before P after (833.33) 2 (0.05) = 34,722.22W 

[b] V s (before) = 2400 + (666.67 - 7500) (0.05 + 70.4) 

= 2633.33 +7241.67 = 2644.4 /5.24° V(rms) 

|V s (before)| = 2644.4 V(rms) 

V s ( after) = 2400 + (800 + 7233.33) (0.05 + 70.4) 

= 2346.67 + 7331.67 = 2369.99 /8.04° V(rms) 

| V s (after) | = 2369.99 V(rms) 


P 10.43 [a] 


3 n 

-vw- 


18 0 /0 Q (T) 

V(rms) 




180 = 3Ii + 741 1 + 73(I 2 - Ii) + 79(Ii - I 2 ) - 73Ii 

0 = 9I 2 + 79 (I 2 - Ii) + 73Ii 

Solving, 

Ii = 18 — 718 A(rms); I 2 = 12/0° A(rms) 

.'. V 0 = (12)(9) = 108/0/V(rms) 

[b] P = (12) 2 (9) = 1296W 

[c] S g = —(180)(18 +718) = -3240 - 73240 VA P g = -3240 W 

1296 

% delivered = ——(100) = 40% 

3240 





Problems 10-33 


P L = (38.12) 2 (1.86) = 2700 W 

run i Z o+j9 T 1-86 — j'4.66 + j'9 on /no A/ \ 

[b] Ii =--— 1 2 = - — -(35 + jl5) = 30/0_ A(rms) 

j6 j6 

Pdev = (180) (30) = 5400 W 

P 10.45 [a] 1Q 1 8Q 



54 — Ii + j 2(Ii — I2) + j3h 
0 = 7I2 + j2(h ~ Ii) — jSh + j 8I2 + j3(Ii — I2) 


Solving, 

Ii = 12 — j21 A(rms); I 2 = —3A(rms) 


V 0 = 7I 2 = -21 /180° V(rms) 

[b] P = |I 2 | 2 (7) = 63W 

[c] P g = (54) (12) = 648 W 

63 

% delivered = ——(100) = 9.72% 


P 10.46 [a] 


IQ jSQ 




Open circuit: 

VTh = — j3Ii + j 2 Ii = —jli 

Ii = ° 4 = 10.8 - 721.6 A 

1 + j2 


y Th = -21.6- jio.sv 
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Short circuit: 


54 — Ii + j 2(Ii — I sc ) 4- j 3I SC 
0 = j2(I sc — Ii) — j3I sc + j 8I SC 4- .73(I! — I sc ) 


Solving, 

I sc = -3.32+ j5.82 

z _ V Th _ —21.6 — j'10.8 

Th I sc —3.32 + j'5.82 
.-. R l = \Z Th \ = 3.60611 


0.2 + 3.6j = 3.6 /86.82° 


[b] 


- 21.6 

-jin- 

V (rms) 



0.2Q j3.6Q 

—VA--*- 

—* 

S3.606Q 


♦ 


I 


— 21.6 — j ' 10.8 

3.806 + j'3.6 


4.610 /163.2° A 


P = |I| 2 (3.6) = 76.6 W, which is greater than when R L 


7 ff 


P 10.47 [a] lO jSO 



54 = Ii + j 2(Ii - I 2 ) + j47I 2 
0 = 7I 2 + j 2(I 2 — Ii) —./47I 2 + j 8I 2 + .7 4 A; (1 1 — I 2 ) 
Place the equations in standard form: 

54= (1+j2)I 1 +j( 47-2)I 2 
0 = 7(47-2)1! + [7 + j(10-87)]I 2 
_ 54-1^(47-2) 

1 (1 + j2) 

Substituting, 

T = _ 754(47 - 2) _ 

2 [7 + j(10 — 87)] (1 + j2) + (47 — 2) 2 

For V 0 = 0,1 2 = 0, so if 47 — 2 = 0, then 7 = 0.5. 



Problems 10-35 


[b] When I 2 = 0 

54 

Ii = - — — = 10.8 — j'21.6 A(rms) 

P g = (54) (10.8) = 583.2 W 
Check: 

Pioss= |Ii| 2 (l) = 583.2W 

P 10.48 [a] From Problem 9.67, Z Th = 85 + j85 12 and V Th = 850 + j850 V. Thus, for 
maximum power transfer, Z l = Z* Tii = 85 — j 8512: 


85Q j 85Q 85Q 

c 




425/tP = (5 + j'5)Ix — j20(5 + j5) 


325 +j 100 
5 + j5 


42.5 — j'22.5 A 


S s (del) = 425(42.5 + ^22.5) = 18,062.5 + j'9562.5 VA 


P g = 18,062.5 W 

[b] Pi oss = |Ii| 2 (5) + |I 2 | 2 (45) = 11,562.5 + 2250 = 13,812.5W 

„ 18,062.5 — 13,812.5 . , 

% loss in transformer = —-(100) = 23.53% 

18,062.5 
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P 10.49 [a] From Problem 9.70, 

Z a b = 100 + jl36.26 so 
50 


11 

1 2 


50 


100 13.74 + 100 + 136.26 200 + jl50 


= 160-./120mA 


i uM l 1 = —^ 270 -(0.16 - j0.12) = 51.84 + jl5 .12 mA 


Z 22 800 + /600 

V L = (300 + j'100) (51.84 + j'15.12)10 3 = 14.04 +j9.72 V 
|V L | = 17.08V 

[b] P 9 (ideal) = 50(0.16) = 8W 

P g ( practical) = 8 — |Ii| 2 (100) = 4W 
P L = |I 2 | 2 (300) = 874.8 mW 
0.8748 


delivered = 


-(100) = 21.87% 


P 10.50 [a] 


12 0 


V(rms) 


© 


4Q 

-Wv- 


j 70 


12Q 

—VA- 


I 1 


© 


j50 


jlOO 

no 

-VA- 


“7> I 2 + 


j 23 O 


'Th 


Open circuit: 

V - 120 

VTh — 


16 + jl2 

Short circuit: 


(jlO) = 36 + j48 V 


(16+jl2)I 1 -jl0I sc = 120 
-jl0I 1 + (ll+j23)I sc = 0 
Solving, 

I sc = 2.4/0° A 
36 + j'48 


Z T h — 


= 15 + % 20 ft 


2.4 

Z L = Z* h = 15 - j20 ft 
Vxh 36 + .7 48 


il = 


Zt h + Zl 


30 


= 1.2 + jl.6 A(rms) = 2.0 /53.13° A(rrns) 




Problems 10-37 


[b] Ii = Z ^ T = ——-j+^(1.2 + ?1.6) = 5.23 /- 30.29° A)rms) 
jooM jlO 

transformer = (120)(5.23) cos(-30.29°) - (5.23) 2 (4) = 432.8 W 

_ 60 _ 

% delivered = -(100) = 13.86% 

432.8 

P 10.51 [a] juL x = j(10,000)(l x 10" 3 ) = jlOft 
juL 2 = j (10,000) (1 x 10" 3 ) =jlOft 


j5Q 

5Q 


■AW 



200 = (5 + j10)I,+j'5I l 
0 = j5I 9 + (15 + j'10)I L 
Solving, 

I 9 = 10 — jl5 A; I l = -5A 
Thus, 


i g = 18.03 cos(10,000t - 56.31°) A 
% = 5cos(10,000t- 180°) A 


fKI / M 0 - 5 

[b] k = = —p- 

V L\L 2 yl 

[C] When t = 507r /is: 


0.5 


10,000t = (10,000)(50vr) x 10~ 6 = 0.57rrad = 90° 
%(507r/is) = 18.03 cos(90° - 56.31°) = 15 A 
%(50vr/is) = 5cos(90° - 180°) = 0A 

w = —L\i 2 + —L 2 i 2 + Mi\i 2 = —(10 3 )(15) 2 + 0 + 0 


112.5mJ 


When t = 1007T /is: 

10,000t = (10 4 )(100vr) x 10" 6 = vr = 180° 

%(100vr/is) = 18.03 cos(180 -56.31°) = -10 A 
?: L (100vr/is) = 5 cos(180 - 180°) = 5 A 

w = ^(10~ 3 )(10) 2 + ^(10 -3 )(5) 2 + 0.5 x 10 _3 (—10)(5) = 37.5mJ 
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[d] From (a), I m = 5 A, 

P = ^(5) 2 (15) = 187.5W 

[e] Open circuit: 

V Th = FT~Tf( — ^ 5 ) = —80 — j40 V 
5 + jlO 

Short circuit: 

200 =(5 + jl0)I 1 +j5l fK 
0 = j10I sc +j5I 1 
Solving, 

I sc = -11.094 /123.69° A; = 22.188 /-56.31° A 

7 _ VTh _ -80 - j'40 _ 

Th ~~ I sc ~~ 11.094 /123.69° “ 3 

R l = 8.962 0 


ffl 


IQ j8Q 

-W,-» 

-> I 

-80-j 40V (?) S8.062Q 

-•— 


I =-— = 7.399/165.13° A 

9.062 +j8 L - 

P = ^(7.399) 2 (8.062) = 220.70 W 

[g] Z\ J = = 1 — j8 Q 

[h] I =- = 44.72 /- 153.43° A 

P = ^(44.72) 2 (1) = 1000 W 



Problems 10-39 


P 10.52 [a] 



10 = .71 (I i — I2) + j 1 (I3 — I2) — jl(Ii — I3) 

0 = II2 + j’ 2(I 2 — I3) + j 1 (I 2 — Ii) + J1 (I 2 — Ii) + j 1 (I 2 — I3) 

0 = 1I 3 — jl(l3 — Ii) + j2(I 3 — I 2 ) + jl(Ii — I 2 ) 

Solving, 

11 = 6.25 + j'7.5 A(rms); I 2 = 5 + j2.5 A(rms); I 3 = 5 — j2.5 A(rms) 

I a = Ii = 6.25 + j7.5 A I b = I x - I 2 = 1.25 + j'5 A 

I c = I 2 = 5 + j’2.5 A Ij = I 3 — I 2 = —j5 A 

Ie = h - I 3 = 1-25 + jlO A If = I 3 = 5 - j'2.5 A 

+ v - 



V a = 10 V V b = jll b + Jlld = . 7 1.25 V 

V c = 1I C = 5 + j'2.5 V V d = j'2I d + jll b = 5 + j'1.25 V 

y c = -j lie = 10 — jl.25 V Vf = Ilf = 5-J2.5V 

S a = -101* = -62.5 + j75 VA 
S h = V b I* = 6.25 + j 1.5625 VA 





10-40 CHAPTER 10. Sinusoidal Steady State Power Calculations 



Vci: 

= 31.25+jOVA 

S A = 

Vdld 

= -6.25 + j25VA 

Se = 

Vci: 

= 0 - jl01.5625VA 

Sf = 

Vfl f * 

= 31.25 VA 

[C] y Pdev = 62.5 W 

E^ 

abs 

6.25 + 31.25 - 6.25 + 


62.5 W 


Note that the total power absorbed by the coupled coils is zero: 
6.25 - 6.25 = 0 = P b + P d 

[d] Y,Qdev = 101.5625 VAR 

The capacitor is developing magnetizing vars. 

y Qabs = 75 + 1.5625 + 25 = 101.5625 VAR 
© Q absorbed by the coupled coils is Qb + Qd = 26.5625 VAR 


P 10.53 Open circuit voltage: 


10 / 0 °© 
V(nns) I 


IQ 

-VA- 



jlQ 


j 1.20 

E 


+ 


V 


Th 




I _ ©©© — 2 — j'4 A 
1 + j2 

V Th = j2I, + jl.2h = j3.2h = 12.8 + j'6.4 


Short circuit current: 


14.31 /26.57° V 


IQ 

-VA- 


10^°© 

V(rms) 




10^=(l+j2)I 1 -j3.2I sc 



Problems 10-41 


0 = -j3.2I 1 +j5.4I sc 


Solving, 

I sc = 5.89 /- 5.92° A 


14.31 /26.57° 
5.89 /- 5.92° 


2.43 /32.49° = 2.048 4- . 7 1.304 O 


I2 


14.31 /26.57° 

4.096 


3.49 /26.57° A 


IQ : 1Q 2.048Q 



10 /T = {1 + j2)h - j3.2h 


10 + j3.2I 2 
1 + j2 


10 + j3.2(3.49 /26.57° ) 
1+j2 


5/tfA 



272/3/ = 2I g + j 10I g + jU(I g - I 2 ) - j' 61'2 
+jl4I g — j8I 2 + j20(l g — I 2 ) 

0 = j20(I 2 - I 9 ) - jUlg + jSl-2 + j4:1-2 

+j'8(I 2 - Ig) - j6Ig 4- 8I 2 
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Solving, 

\ g = 20 — j'4 A(rms); I 2 = 24/0° A(rms) 

P 8n = (24) 2 (8) = 4608 W 

[b] P g (developed) = (272) (20) = 5440 W 
V 272 

[C] Zab = - 1 -2 = —-- -2 = 11.08 +j2.62 = 11.38 /13.28° Q 

Lg ZU J4 

[d] P 2 n = |I 9 | 2 (2) = 832W 

E p diss = 832 + 4608 = 5440 W = E ^lev 

P 10.55 [a] 

3 0 0/0° 

V (rms 

300 = 60Ii + Vi + 20(Ii - I 2 ) 

0 = 20(I 2 -Ii) +V 2 + 40I 2 

V 2 = |Vi; h = —4Ii 
Solving, 

Vi = 260 V(rms); V 2 = 65V(rms) 

Ii = 0.25A(rms); I 2 = —l.OA(rms) 

V 5A = Vi + 20(Ii - I 2 ) = 285 V(rms) 

.'. P = -(285)(5) = -1425W 

Thus 1425 W is delivered by the current source to the circuit. 

[b] I 20 o = Ii - I 2 = 1.25 A(rms) 

.'. P 2m = (1.25) 2 (20) = 31.25 W 




Problems 10-43 


P 10.56 


5 0V 
(rms) 




10Q 


30V o = V a ; 

Vb _ ~Va. 

1 20 ’ 


30 


V„ = 10I„ 


therefore 


I, 


= 9 kn 


Vk 9000 

lb = — 20I a ; therefore —- = = 22.5 Q 

lb 400 


Therefore lb = [50/(2.5 + 22.5)] = 2 A (rms); since the ideal transformers are 
lossless, P 10 n = P 22 . 5 Q, and the power delivered to the 22.5 O resistor is 2 2 (22.5) or 
90 W. 


P10 ' 57 [al TT = W 

50 


= 2.5 0; therefore a 2 = 100, a = 10 


[b] I b = — = 10 A; 
5 


P = (100)(2.5) = 250 W 


/200V 


P 10.58 [a] Z Th = 720 + . 7 1500 + (^J (40 - . 7 30) = 1360 + . 7 1020 = 1700 /36.87° 
Z ah = 1700 O 


Z&b — 


(1 + Ayiv 2 ) 2 

(1 + N 1 /N 2) 2 = 6800/1700 = 4 

.'. N 1 /N 2 = 1 or N 2 = N\ = 1000 turns 

[b] VTh = 10 +^ 0 (j200) = 1020 /53 - 13 ° v 


1020/53.13A 


1360Q 
-VA— 


j1020Q 




V(rms) 


'© 


1700Q 


i 020 S = 

3060 + j'1020 L - V ; 

Since the transformer is ideal, P(mu = P\ 700 • 
P = |I L | 2 (1700) = 170 W 
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[c] 



255/t r = (40 4- .730)1, - j200(0.26 + j'0.18) 
I, = 4.13 — j'1.80 A(rms) 

P gen = (255) (4.13) = 1053 W 

Ptrans 1053 - 170 = 883 W 
883 

% transmitted =-(100) = 83.85% 

1053 


P 10.59 [a] 


180 


V(rms) 


© 


90kQ 
—VA— 


© 


SLb 


For maximum power transfer, Z ;1 ,, = 90 kQ 


iV, 


Zab “ 1 1 + Zl 


iVA 2 = 90000 
N 2 J 400 


Ni Ni 

1 + © = ±15; © = 15 - 1 = 14 

N2 N2 


[b] P = |I©(90,000) = ( lg ^ 0 j (90,000) = 90 mW 


[c] V, = Rib = (90,000) 

[d] 


180 


180,000 


= 90 V 


2.25/f)' 
mA(rms) 



\ y = (2.25 x 10~ 3 )(100,000||80,000) = 100 V 




Problems 


10-45 


P p (del) = (2.25 x 10 _3 )(100) = 225 mW 
90 

% delivered = -—(100) = 40% 


TV i 

P 10.60 [a] Z ab = (l + -i) (1 — j2) = 25 — j'50 Q 

J'2. 


I 


100/tP 


15 + j'50 + 25 - j'50 


= 2.5/tP A 


TV, 

I 2 = = 10/tP A 

-/V 2 


.'. I L = Ij + I 2 = 12.5/0° A(rms) 

Pm = (12.5) 2 (1) = 156.25 W 
Pisn = (2.5) 2 (15) = 93.75W 
[b] P g = —100(2.5/tP) = -250W 

5] P abs = 156.25 + 93.75 = 250 W = £ P dev 


P 10.61 [a] 25a 2 + 4a? = 500 

I25 = o 4 I; P25 = Oil 2 ( 25 ) 

I 4 = o 2 I; P 4 = a 2 I 2 (4) 

Pi = 4P 25 ; a 2 I 2 4 = 100a?I 2 

100a 2 = 4a 2 


25a? + 100a? = 500; a 4 = 2 
25(4) + 4a? = 500; a 2 = 10 

[b] I = 2QQQ ^ = 2/tP A(rms) 

500 + 500 K ’ 

I25 = ail = 4A 

P 25n = (16) (25) = 400 W 


[c] I 4 = a 2 I = 10(2) = 20A(rms) 
V 4 = (20) (4) = 80^r V(rms) 
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P 10.62 [a] Open circuit voltage: 



360Q 


500 = lOOIi + Vi 
V 2 = 4OOI2 



Ii = 2I 2 

Substitute and solve: 


2Vi = 400Ii/2 = 2001! Vi = lOOIi 

500 = lOOIi + lOOIi Ii = 500/200 = 2.5 A 

• •• I 2 = ^Ii = 1.25 A 

Vi = 100(2.5) = 250 V; V 2 = 2Vi = 500 V 

Vrh = 20Ii + Vi - V 2 + 40I 2 = -150 V(rms) 


Short circuit current: 



500 = 80(I SC + Ii) + 360 (I sc + 0.5Ii) 
2 Vi = 40^ + 360 (I sc + 0.5Ii) 


500 = 80(Ii + Isc) + 20Ii + Vi 



Problems 10-47 


Solving, 


I sc — —1-47 A; 


Pt1i 



I, 

-150 


-1.47 


4.41 A; 
= 10217 


V! = 176.47 V 


102Q 

-va- 

150© 75v 4102Q 

V(rms)| 


P = 


75 2 

102 


55.15 W 



360Q 


500 = 80[I! - (75/102)] - 75 + 360[I 2 - (75/102)] 


575 + 


6000 

102 


+ 


27,000 

102 


80Ii + 180Ii 


Ii = 3.456 A 


Source = (500) [3.456 - (75/102)] = 1360.29 W 
55.15 

% delivered =-(100) = 4.05% 

1360.29 v ; 

[C] Psoo = 80 (h H — J = 592.13W 

P 2m = 20I 2 = 238.86 W 
P 40n = m 2 2 = 119.43 W 
75 2 

Ao2Q = ^ = 55.15W 

Psmn = 360 (l 2 - — J = 354.73W 

5] P abs = 592.13 + 238.86 + 119.43 + 55.15 + 354.73 = 1360.3 W = ]T P dev 
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P 10.63 [a] Open circuit voltage: 



40/0° — 4(Ii + I 3 ) + I 2 I 3 + Vxh 
j = -I 3 ; Ii = —4I 3 
Solving, 

v Th = 4 o^r v 

Short circuit current: 



40 /F = 4I X + 4I 3 + Ii + Vi 
4V 1 = 16(Ix/4) = 4I i; Vx = Ii 

40/tP = 6Ii + 4I 3 
Also, 

40/IP = 4(Ii + I 3 ) + 12I 3 
Solving, 

Ii = 6 A; I 3 = 1 A; 


Isc. — Ii / 4 + I 3 — 2.5 A 



Problems 10-49 


16 Q 

16 Q 

I = = 1.25/tf A(rms) 

P = (1.25) 2 (16) = 25 W 



40 = 4(Ii + I 3 ) + 12I 3 + 20 

4V 1 = 4I 1 + 16(I 1 /4 + I 3 ); .5 Vi = 2I X + 4I 3 

40 = 4Ii + 4I 3 + Ii + Vi 

.'. I 1 = 6A; I 3 = —0.25 A; I 3 + I 3 = 5.75/tf A; V^ll^PV 

P 40 V (developed) = 40(5.75) = 230 W 
25 

% delivered = (100) = 10.87% 

230 

[c] P Rl = 25W; P im = (1.5) 2 (16) = 36W 

Pm = (5.75) 2 (4) = 132.25 W; P m = (6) 2 (1) = 36 W 
Pi 2 n = (—0.25) 2 (12) = 0.75W 

]T P abs = 25 + 36 + 132.25 + 36 + 0.75 = 230 W = ^ Pdev 

P 10.64 [a] Replace the circuit to the left of the primary winding with a Thevenin equivalent: 

V Th = (15) (201| j 10) = 60 + jl20 V 
Z T h = 2 + 20||jl0 = 6+j8fl 
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Transfer the secondary impedance to the primary side: 

Zp = ^(100 + jX c) = 4 + ^ 


6Q j 8 Q 

-VA- 


60+j120Q) 
V (ms) 



T j(X c /25)Q 


Now maximize I by setting (Xc/25) = —8 O: 
1 


C = 


200(20 x 10 3 ) 


= 0.25//F 


[b] I= 60 ±i 120 = 6+712 A 

P = |I| 2 (4) = 720 W 

[c] ^ = 6Q; R 0 = 150 ft 

[d] i = 60 +| 120 = 8 +i i 0A 

P = |I| 2 (6) = 750 W 


( at s 2 / 2800 \ 2 

1 - ^ j = 9Z z 


Z L = -(50 - 7400) = 5.556 - j44.444 Q 
9 


[b] 


24 


V (ms) 




50 Q j 400Q 50Q 

-> VA 0 ya— 

^*1 


© 


f-j 400Q 


24 

h = -= 240/0° mA 

100 



Problems 10-51 




If the HIGH setting has required power other than 1000 W, this problem sould 
not have been solved. In other words, the HIGH power setting was chosen in 
such a way that it would be satisfied once the two resistor values were 
calculated to satisfy the LOW and MEDIUM power settings. 
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V 2 V 2 

P 10.67 [a] P L = ; R 1 + R. 2 = — 

ill + K-2 r L 

l/ 2 l/ 2 

Pm = -5-\ R 2 = ~5~ 

rr-2 Pm 


Ph = 


y 2 (Pi + p 2 ) 


1/2 1/2 1/2 

Pi + P 2 = p-; Ri = — - — 

U -M MV1 


Ph = 


V 2 V 2 /P l 


PmPlPm 


(g-S)(£) 


p _ ; m 

H Pm - Pl 

[b] P H = —-= 1125 W 

H (750 - 250) 

P 10.68 First solve the expression derived in P10.67 for Pm as a function of Pl and Ph. Thus 
Pm - Pl = ^ or ^ - P M + P L = 0 

MI Ml 


Pm — PmPh + PlPh = 0 






For the specified values of Pl and P H 

P M = 500 ± 1000V0.25 - 0.24 = 500 ± 100 

/. P M i = 600 W; Pm2 = 400 W 

Note in this case we design for two medium power ratings 
If Pam = 600 W 


« 2= 24B 

600 



Problems 10-53 


P 10.69 


R 1 + # 2 = iiM! = 60n 
240 

Pi = 60 - 24 = 36 n 


CHECK: P H = 


(120) 2 (60) 
(36)(24) 


1000 w 


If Pm2 — 400 W 


Ro = 


(120) s 

400 


36 n 


Pi + P 2 = 60 (as before) 


R 1 = 24 n 


CHECK: P H = 1000 W 


Pi + P 2 + P 3 = = 24H 

3 600 


P 2 + P3 = ^ = 16H 
3 900 


Pi=24-16 = 8H 


P 3 + Pi||P 2 = = 12 0 

3 11 “ 1200 


••• 16 -* 2 + sSr 12 


P 2 -^ = 4 
8 + P 2 


8P 2 + P 2 - 8 R-2 = 32 + 4P 2 


R\ - 4P 2 - 32 = 0 
P 2 = 2 ± V4 + 32 = 2 ± 6 
P 2 = 8fi; P 3 = 8fi 
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P 10.70 


( 220) 2 

500 96 ' 8fi 


( 220) 2 

R 1 + R 2 = 4-Z- = 193.612 

250 


Ri= 96.811 


CHECK: i?i||i? 2 = 48.4 H 


( 220) 2 

= IsT = 1000W 
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Balanced Three-Phase Circuits 


Assessment Problems 


AP 11.1 Make a sketch: 



We know Van and wish to find Vbc- To do this, write a KVL equation to find V AB , 
and use the known phase angle relationship between Vab and V B c to find Vbc- 


Vab = Van + Vnb = Van — Vbn 

Since Van- Vbn, and Vcn form a balanced set, and Van = 240 /— 30° V, and the 
phase sequence is positive, 

V BN = | Van I //Van - 120° = 240 /- 30° - 120° = 240 /- 150° V 

Then, 

Vab = Van - V BN = (240 /- 30° ) - (240 /- 150°) = 415.46 /TV 

Since Vab, Vbc, and Vca form a balanced set with a positive phase sequence, we 
can find Vbc from Vab: 

Vbc = |Vab|/( /Vab - 120°) = 415.69 /0° - 120° = 415.69 /- 120° V 

Thus, 

V BC = 415.69 /- 120° V 


11-1 
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AP 11.2 Make a sketch: 



We know V CN and wish to find V AB . To do this, write a KVL equation to find V BC , 
and use the known phase angle relationship between V A b and V BC to find V AB . 


Vbc — Vbn + Vnc — Vbn — Vcn 

Since V AN , V bn , and V C n form a balanced set, and V C n = 450 /— 25° V, and the 
phase sequence is negative, 

V BN = |V CN |//V CN - 120° = 450 /- 23 0 - 120° = 450 /- 145° V 

Then, 


V BC = V BN - Vcn = (450 /- 145°) - (450 /- 25° ) = 779.42 /- 175° V 

Since V AB , V BC , and V CA form a balanced set with a negative phase sequence, we 
can find V AB from Vbc: 

V AB = |VbcI //Vbc-120° = 779.42 /- 295° V 

But we normally want phase angle values between +180° and —180°. We add 360° 
to the phase angle computed above. Thus, 

V AB = 779.42/65° V 

AP 11.3 Sketch the a-phase circuit: 



n N 









Problems 11-3 


[a] We can find the line current using Ohm’s law, since the a-phase line current is 

the current in the a-phase load. Then we can use the fact that I a A, I b B, an d I c c 
form a balanced set to find the remaining line currents. Note that since we 
were not given any phase angles in the problem statement, we can assume that 
the phase voltage given. Van, has a phase angle of 0°. 

2400^° = I aA (16 + jl2) 

so 

= 2400 ^ = 96 - i72 = 120/- 36.87° A 
16 +. 712 L - 

With an acb phase sequence, 

AbB = AaA + 120° and AcC = AaA — 120° 
so 

IaA = 120 /- 36.87° A 
I bB = 120 /83.13° A 
I cC = 120 /- 156.87° A 

[b] The line voltages at the source are V ab V bc , and V ca . They form a balanced set. 

To find V ab , use the a-phase circuit to find Van, and use the relationship 
between phase voltages and line voltages for a y-connection (see Fig. 11.9[b]). 
From the a-phase circuit, use KVL: 

V an = V aA + V AN = ( 0.1 + j'0.8)I aA + 2400/T 

= (0.1 + j0.8)(96 - j72) + 2400/tF = 2467.2 + j69.6 

2468.18 /1.62° V 

From Fig. 11.9(b), 

V ab = Van (73 /-30°) = 4275.02 /-28.38° V 
With an acb phase sequence, 

/Vbc = /Vab + 120° and /V ca = /V ab - 120° 
so 

V ab = 4275.02 /- 28.38° V 
V bc = 4275.02 /91.62° V 


V ca = 4275.02 /- 148.38° V 
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[c] Using KVL on the a-phase circuit 

V a ' n = Va/a + Van = (0.2 + j0.16)I a A + V an 

= (0.02 + .70.16) (96- j72) + (2467.2 + j69.9) 

= 2480.64 + j'83.52 = 2482.05 /1.93° V 
With an acb phase sequence, 

/Vb'n = /Va'n + 120° and /Vc'n = /Va'n ~ 120° 

SO 

V a , n = 2482.05 /1.93° V 
V b / n = 2482.05 /121.93° V 
V c / n = 2482.05 /- 118.07° V 

AP 11.4 I cC = (v / 3 /-30° )Ica = (73/- 30°) • 8 /- 15° = 13.86 /-45° A 


AP 11.5 IaA = 12 /(65° - 120°) = 12 /- 55° 

7 - 30 ° 


I 


AB — 


/— 30° 


73 , 

= 6.93 /- 85° A 


I 


ciA 


73 


• 12 /-55° 


AP 11.6 [a] I AB = 


,7i ^ 


Therefore Z, u = 


[b] I 


AB = 




[69.28 /- 10°1 = 40/20° A 

+/+ = 104/- 20-n 
40/20° L - 

[69.28 /- 10°1 = 40 /-40° A 


AP 11.7 La = 


Therefore Z, u = 104 /40° O 
110 110 


+ —<■ 


3.667 j 2.75 


= 30 - j'40 = 50 /-53.13° A 


Therefore |I aA | = 73I 0 = 73(50) = 86.60 A 



Problems 


11-5 


AP 11.8 [a] \S\ = v / 3(208)(73.8) = 26,587.67VA 

Q = ^(26,587.67)2 - (22,659) 2 = 13,909.50 VAR 
22 659 

[b] pf = ^ = 0.8522 lagging 


AP 11.9 [a] Van = 


26,587.67 
(2450 \ 


WsJ 

Therefore 

(144 + j'192)1000 


^V; VanIIa = = 144 + jl92kVA 


I 


aA 


= (101.8 + j'135.7) A 


[b] P = 

Q = 


2450/v/3 

IaA = 101.8 - j'135.7 = 169.67 /- 53.13° A 
|I aA | = 169.67 A 
(2450) 2 


R ’ 

(2450) 2 
X ; 


12450) 2 

therefore R = - -= 41.68 O 


therefore X = 


144,000 

(2450) 2 

192,000 


= 31.26 0 


[Cl == if = 169.67 7 — ^3.13° = 8 ' 34 ^! = (5 + 96.67)« 


R = 5 0, 


X = 6.670 
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Problems 

P 11.1 [a] First, convert the cosine waveforms to phasors: 

V a = 208 /2T; V b = 208 /147° ; V c = 208 /- 93° 

Subtract the phase angle of the a-phase from all phase angles: 

/V/ = 27° - 27° = 0° 

/V' h = 147° - 27° = 120° 

/V' c = -93° - 27° = -120° 

Compare the result to Eqs. 11.1 and 11.2: 

Therefore acb 

[b] First, convert the cosine waveforms to phasors: 

V a = 4160 /- 18° ; V b = 4160 /- 138° ; V c = 4160 /+ 102° 
Subtract the phase angle of the a-phase from all phase angles: 

/V/ = -18° + 18° = 0° 

/V(, = -138° + 18° = -120° 

[W[ = 102° + 18° = 120° 

Compare the result to Eqs. 11.1 and 11.2: 

Therefore abc 

P 11.2 [a] V a = 180/3/ V 

V b = 180 /- 120° V 

V c = 180 /- 240° = 180 /120° V 
Balanced, positive phase sequence 

[b] V a = 180 /- 90° V 
V b = 180/30° V 

V c = 180 /- 210° V = 180 /150° V 
Balanced, negative phase sequence 

[c] V a = 400 /- 270° V = 400/90° V 
V b = 400 /120° V 

V c = 400 /- 30° V 

Unbalanced, phase angle in b-phase 



Problems 11-7 


[d] V a = 200/30° V 
V b = 201 /150° V 

V c = 200 /270° V = 200 /- 90° V 

Unbalanced, unequal amplitude in the b-phase 

[e] V a = 208/42° V 
V b = 208 /- 78° V 

V c = 208 /- 201° V = 208 /159° V 

Unbalanced, phase angle in the c-phase 

m Unbalanced; the frequencies of the waveforms are not the same for the positive 
sequence of Eq. 11.1 

P 11.3 Va = Kn/0° = U m + J'O 

Vb = V J- 120° = -U m (0.5 + j0.866) 

V c = U m /120° = U m (—0.5 + j0.866) 
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CHAPTER 11. Balanced Three-Phase Circuits 


P 11.6 


P 11.7 


[a] IaA = 

IbB = 
IcC = 


277/U 

80 + j60 

277 /- 120 


80 + j60 
277/120 


= 2.77 /- 36.87° A 
= 2.77 /- 156.87° A 


= 2.77 /83.13° A 


80 + j60 
I u = IaA + IbB + IcC = 0 

[b] V AN = (78 + j54)I aA = 262.79 /- 2.17° V 

[c] VaB = V A N — VbN 

y BN = (77 + j'56)I bB = 263.73 /- 120.84° V 

V AB = 262.79 /- 2.17° - 263.73 /- 120.84° = 452.89 /28.55° V 

[d] Unbalanced — see conditions for a balanced circuit on p. 504 of the text! 

Zga + Zia + ZL a = 60 + j 80 Q 

Zgb + Zib + Zib = 40 + j30f2 


Zg C + Z\ c + Zl c — 20 + jl5Tl 

\ N - 240 Vjv - 240 /120° V^v - 240 /- 120° \ N 

60 + j 80 + 40 + j30 + 20 +jl5 + To" “ 

Solving for V N yields 
Viv = 42.94 /- 156.32° V 

l n = — = 4.29/- 156.32° A 

P 11.8 Make a sketch of the load in the frequency domain. Note that we convert the time 
domain line-to-neutral voltages to phasors: 


+ 169.71/26°V - 
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Note that these three voltages form a balanced set with an abc phase sequence. First, 
use KVL to find Vab: 

Vab = Van + Vnb = Van — Vbn 

= (169.71/26°) - (169.71 /- 94°) = 293.95/56° V 

With an abc phase sequence, 

/V bc = /V ab — 120° and /V ca = /Vab + 120° 

so 

Vab = 293.95/56° V 
V BC = 293.95 /- 64° V 
V ca = 293.95 A76° V 

To get back to the time domain, perform an inverse phasor transform of the three 
line voltages, using a frequency of lu : 

v AB (t) = 293.95 cos (cut + 56°) V 

v BC (t) = 293.95 cos (cut - 64°) V 

v C a (t) = 293.95 cos (cut + 176°) V 

P 11.9 Make a sketch of the three-phase line and load: 



Z e = 0.25 + j2n/<f> 

Z L = 30.48 + j'22.86 Pl/cf) 
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[a] The line currents are I a A, IbB, and I cC . To find I a A, first find Van and use Ohm’s 
law for the a-phase load impedance. Since we are only concerned with finding 
voltage and current magnitudes, the phase sequence doesn’t matter and we 
arbitrarily assume a positive phase sequence. Since we are not given any phase 
angles in the problem statement, we can assume the angle of Vab is 0°. Use 
Fig. 11.9(a) to find Van from Vab- 

660 

V AN = _/(o - 30°) = 381.05 /- 30° V 
v3 


Now find I a A using Ohm’s law: 

Van 381.05 /-30 


I 


aA 


= 3.993 - j9.20 = 10 /- 66.87° V 


Z L 30.48 + j22.86 

Thus, the magnitude of the line current is 
|I aA | = 10 A 

[b] The line voltage at the source is V a b- From KVL on the top loop of the 
three-phase circuit, 


Vab = V, 


aA 


Vab + V 


Bb 


— ^IaA + Vab + Z(Y 


Bb 


— Zt I a A + Vab — Zt IbB 

= (0.25 + .72) (10 /- 66.87° ) + 660^f - (0.25 + . 72 )(10 /- 173.13° ) 
= 684.71 /2.10° V 

Thus, the magnitude of the line voltage at the source is 

|V ab | = 684.71V 


P 11.10 Make a sketch of the a-phase: 



[a] Find the a-phase line current from the a-phase circuit: 

_ 125/0/ _ 125/0 f 

aA “ 0.1+j0.8 +19.9+ j'14.2 ““ 20+jl5 

= 4 -.73 = 4 /- 36.87° A 
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Find the other line currents using the acb phase sequence: 

I bB = 5 /- 36.87°+ 120° = 5 /83.13° A 
I cC = 5 /- 36.87° - 120° = 5 /- 156.87° A 

[b] The phase voltage at the source is V an = 125/0° V. Use Fig. 11.9(b) to find the 

line voltage, V an , from the phase voltage: 

V ab = Y an (V3 /-30°) = 216.51 /-30° V 

Find the other line voltages using the acb phase sequence: 

V bc = 216.51 /-30° + 120° = 216.51/90° V 

V ca = 216.51 /- 30° - 120° = 216.51 /- 150° V 

[c] The phase voltage at the load in the a-phase is Van- Calculate its value using 

I a A and the load impedance: 

Van = IaA^L = (4 - j3)(19.9 + jU.2) = 122.2 - j2.9 = 122.23 /- 1.36° V 

Find the phase voltage at the load for the b- and c-phases using the acb 
sequence: 

V B n = 122.23 /- 1.36° + 120° = 122.23 /118.64° V 
V CN = 122.23 /- 1.36° - 120° = 122.23 /- 121.36° V 

[d] The line voltage at the load in the a-phase is Vab- Find this line voltage from 

the phase voltage at the load in the a-phase. Van, using Fig, 11.9(b): 

Vab = Van (^3 /-30° ) = 211.71 /-31.36° V 

Find the line voltage at the load for the b- and c-phases using the acb sequence: 
V BC = 211.71 /- 31.36° + 120° = 211.71 /88.69° V 
V CA = 211.71 /- 31.36° - 120° = 211.71 /- 151.36° V 

P 11.11 fal I AR = 480 ,, = 6.4 /- 36.87° A 
60 + j45 

Ibc = 6.4 /- 156.87° A 
I CA = 6.4 /83.13° A 

[b] I aA = v / 3 /-30° I A b = 11.09 /-66.87° A 
I bB = 11.09 /173.13° A 
I cC = 11.09 /53.13° A 
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[c] Transform the A-connected load to a Y-connected load: 
Z. = 60+^45 
3 3 J 

The single-phase equivalent circuit is: 

j 0.6(2 A 


a 

♦- 


0.8Q 


-> I 


aA 


2on 

-AVv— 


V, 


277.13/-30 


V an = 277.13 /- 30° + (0.8 + 70.6)(Yl.09 /- 66.87° ) 
= 288.21 /- 30° V 

V ab = v/3/30/Van = 499.20/D/V 
V bc = 499.20 /- 120° V 
V ca = 499.20 /120° V 


P 11.12 [a] 



50Q 


I a A — 

I ^aA | _ 


[b] I AB = 


Iab 


7650 

72 + j21 + 
= 252.54 A 

7650^3/30° 

150 

= 88.33 A 


7650 

50 


252.54 /- 6.49° A 


= 88.33/30° A 


jl5fi 
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[c] Ian = 7 7 2 6 + 0 |ri = iq2 /- i6 - 26 ° a 

I Ian | — 102 A 

[d] V an = (252.54 /- 6.49°) (jl) + 7650/3/ = 7682.66 /1.87° V 

|V ab | = ^(7682.66) = 13,306.76 V 


P 11.13 [a] Since the phase sequence is acb (negative) we have: 

V an = 2399.47/30° V 
V bn = 2399.47 /150° V 
V cn = 2399.47 /-90° V 

Zy = ~Z/\ = 0.9 + j'4.5 Pl/4> 

o 


j 4.50 


0.9Q 

—Wv— 


^2399.47/30 V 


O' 


2399.47^50 V j4.5Q 0 . 90 


-o- 


Q2399 .4T/-90 V 


j 4.50 0.9Q 

-VA- 


AW- 


-•a 


-•b 


-•c 


[b] V ab = 2399.47/30° - 2399.47 /150° = 2399.47^3/3/ = 4156^0/ V 

Since the phase sequence is negative, it follows that 

V bc = 4156 /120° V 
V ca = 4156 /- 120° V 
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Iba = 97 ^ . iq - = 301.87 /- 78.69° A 
2.7 + jl3.5 

lac = 301.87 /- 198.69° A 

IaA = Iba - lac = 522.86 /- 48.69° A 

Since we have a balanced three-phase circuit and a negative phase sequence we 
have: 

I bB = 522.86 /71.31° A 
Ice = 522.86 /- 168.69° A 
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[d] 


0.90 



2399.47/30° 
0.9 + j4.5 


522.86 /-48.69° A 


Since we have a balanced three-phase circuit and a negative phase sequence we 
have: 


I bB = 522.86 /71.31° A 
I cC = 522.86 /- 168.69° A 


P 11.14 [a] 


0.90 9.10 j 71.50 19100 

—VA—S VA-—$ va— 


■> i 


aA 


j 4.50 


(t)2399.47^30°V 


V 


AN 


[b] I 


aA 


2399.47/30° 
1920 - /560 


= 1.2 /46.26° A 


- j 63 6 O 


Van = (1910 - 7636)(1.2 /46.26° ) = 2415.19 /27.84° V 
|V AB | = v / 3(2415.19) = 4183.23 V 
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[c] I lab | = y= = 0.69 A 

[d] V an = (1919.1 - 7564.5)(1.2 /46.26° ) = 2400 /29.87° V 

|V ab | = a/3(2400) = 4156.92 V 


P 11.15 [a] 


0 . 003Q 0.02Q j 0.1BQ 2.3520 


jO .030 


^13,800 

0 — 


aA + 


j 1.13 9 0 


rbl I aA = —--= 2917/- 29.6° A 

V / 3(2.375 + j 1.349) Z - 

|I aA | = 2917 A 

[c] V AN = (2.352 + jl.l39)(2917 /— 29.6° ) = 7622.94 /- 3.76° V 

|V AB | = V^IVanI = 13,203.31V 

[d] V an = (2.372 + ?1.319)(2917 /— 29.6° ) = 7616.93 /- 0.52° V 

|v ab | = v / 3|Van| = 13,712.52 V 

[e] |I AB | = = 1684.13 A 

11 ^3 

m |Iab| = IIabI = 1684.13 A 

P 11.16 Tal I AR = 4160 ^ = 20.8/- 36.87°A 

160 + jl20 L - 

I BC = 20.8 /83.13° A 

I CA = 20.8 /- 156.87° A 

[b] IaA = V / 3/30 °Iab = 36.03 /-6.87° A 

I hR = 36.03A13.13°A 


Ire = 36.03/- 126.87° A 


[c] I ba = Iab = 20.8 /-36.87° A; 
I cb = Ibc = 20.8 /83.13° A; 
lac = Ica = 20.8 /- 156.87° A; 
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P 11.17 Tal I AR = 48Q/ ^-_ = 192/16.26° A 

2.4 — j0.7 L - 

A 

8 + 76 
480/- 120° 

In a =- = 24/- 120° A 

° 20 L - 


[b] IaA = lAB — IcA 

= 210 /20.79° A 

IbB = IbC — lAB 

= 178.68 /- 178.04° A 

IcC = IcA — IbC 

= 70.7 /- 104.53° A 

P 11.18 From the solution to Problem 11.17 we have: 

S AB = (480/0°)(192 /- 16.26°) = 88,473.6 - j25,804.8 VA 


S BC = (480 /120° )(48 /~ 83.13° ) = 18,432.0 + j'13,824.0 VA 


S CA = (480 /- 120° ) (24 /120°) = 11,520 + jO VA 



li 


24,000^3/3/ 
400 + j300 


66.5 - j49.9A 


I 2 


24,000^3 /3/ 
800 - j600 


33.3 + j24.9A 


T * 57,600 + j 734,400 1 ^ , 1P7P7 

I* = — --= 1.4 + 717.7 

3 24,000^3 


I 3 = 1-4 — jl7.7 A 
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IaA = Ii + h + Is = 101.2 - j42.7 A = 109.8 /-22.8° A 

V an = (2 + j'16)(101.2 — j42.7) + 24,000^ = 42,456.2 + j'1533.2 V 

5 0 = V an i: A = (42,456.2 + j 1533.8) (101.2 + j42.7) 

= 4,229.2 +jl964.0kVA 
S T = 3 S<fi = 12,687.7 + j9892.1 kVA 
[b] S 1/(j> = 24,000^(66.5 +j49.9) = 2765.0 + j2073.8kVA 
S 2/(j> = 24,000^(33.3 - j24.9) = 1382.5 - . 7 1036.9 kVA 
5 3/ $ = 57.6 + j734.4kVA 

(load) = 4205.1 +j'1771.3 kVA 

% delivered = (4229 2 ) = " A% 



[b] 5 9 /0 = —1365I* A = -22,358.7 - j29,811.6 VA 


• • -Pdeveloped/phase 22.359 kW 
-^absorbed/phase = | IaA 1 2 28.5 = 21.241 kW 


% delivered 


21.241 , 

2HE9 (W0)=95% 
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P 11.21 Let p a , p b , and p c represent the instantaneous power of phases a, b, and c, 
respectively. Then assuming a positive phase sequence, we have 

Pa = V an i aA = [V m COSC dt\ [I m COs(u )t ~ 9< t> )\ 

Pb = i'bn»bB = [v m cos(ut - 120°)] [I m cos (cut -0$ — 120°)] 

Pc = v cn i c c = [V m cos (cut + 120°)] [I m cos(c ut -9^ + 120°)] 

The total instantaneous power is p T = p a + Pb + Pc, so 

Pt = Vm.Im [cos tut cos {ut — 9$) + cos{ut — 120°) cos(u;t — 9^ — 120°) 

+ cos(c uf + 120°) cos(u it — 9^ + 120°)] 

Now simplify using trigonometric identities. In simplifying, collect the coefficients 
of cos(c ut — 9$) and sin (ut — 9 $). We get 


Pt = V m I m [cosujt(l + 2 cos 2 120°) cos(u it — 9$) 

+2 sin uot sin 2 120 ° sin (ut — 9$)] 

= 1.5 V m I m [cos out cos {ut — 6$) + sin cut sin (cut — 9<f > )\ 
l.bV m I m cos 9^ 

P 11.22 [a] S 1/<p = 40,000(0.96) - j40,000(0.28) = 38,400 - jll,200 VA 
S 2/(j) = 60,000(0.8) +j60,000(0.6) = 48,000 + j'36, 000 VA 
S 3/(t> = 33,600 + j5200 VA 
S T/(f> = S x + S 2 + S 3 = 120,000 + j'30,000 VA 


IQ j 8Q A 


•-VA— 

_0_ 



+ 

^ X aA + 



V 

an 

2400/0°V 

12 0+j 30 
kVA 

*- 

-*- 




N 
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P 11.23 


P 11.24 


_ 120,000+ .730,000 
aA “ 2400 

I aA = 50 — j'12.5 A 


50 + j'12.5 


V an = 2400 + (50 - j'12.5)(l + j 8 ) = 2550 + j 387.5 = 2579.27 /8.64° V 
|V ab | = ^3(2579.27) = 4467.43 V 


[b] 


Sg /4 = (2550 + j387.5)(50 + j 12.5) 

120,000 


% efficiency = 


122,656.25 


( 100 ) = 


= 122,656.25 +j51,250 VA 
97.83% 


[a] Si = (4.864+ j'3.775) kVA 

S 2 = 17.636(0.96) +^17.636(0.28) = (16.931 + j4.938) kVA 

^Vi/ LS m »3 = 13,853; = 0.521 

Therefore 008 6*3 = 0.854 


Therefore 

13,853 

P 3 = _ x 0.854 = 22,693.58 W 

U. 0+ JL 

S 3 = 22.694+ jl3.853kVA 

S T = S 1 +S 2 + S 3 = 44.49 + j'22.57kVA 

S T /<p = i S T = 14.83 + j'7.52kVA 

o 

^Ka = (14.83 + j7.52)10 3 ; 1^ = 123.49 + j62.64 A 

IaA = 123.49 - j62.64 = 138.46 /- 26.90° A (rms) 

[b] pf = cos(— 26.90°) = 0.892 lagging 


a o.i n jo.sn a i5.36n 



40001* = (210 +j280)10 3 
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ll 

11 

1 2 


210 .280 
T + J ^r ~ 


52.5 -j70 A 


4000/+ 
15.36 - j4.48 


52.5 + j70 A 


= 240 + j70 A 


A I aA = Ii + I 2 = 292.5 + jO A 

V an = 4000 + jO + 292.5(0.1 + j0.8) = 4036.04 /3.32° V 

|V ab | = 73|V an | = 6990.62 V 


P 11.25 [a] Pout = 746 x 100 = 74,600 W 

Pin = 74,600/(0.97) = 76,907.22 W 

y/SV L I L cos e = 76,907.22 
76,907.22 


It, = 


= 242.58 A 


^3(208) (0.88) 

[b] Q = V3V L I L sm<j) = 73(208)(242.58)(0.475) = 41,510.12 VAR 

duo* r „i t* (160 + j46.67)10 3 1QOQ , n 
P 11 .26 [a] I aA =--= 133.3 + j38.9 

I aA = 133.3-j38.9A 

Van = 1200 + (133.3 — j38.9)(0.18 + jl.44) = 1280 +jl85V 


I 

na^ 


0.18Q 

j 1.44Q 




7 








"7 I aA + 



i 

i 

: - j 60Q 

1200/0°V 

160kW 

46 . 67kvac 

\ 

• - 

/ 






Ic = 


1280 +jl85 
—.7 60 


-3.1 + j21.3A 


Ina = (IaA + Ic) = -130.3 - jl7.6 = 131.4/7.7° A 
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[b] S g/<p = (1280 + jl85)(—130.3 - j'17.6) = -163,472 - j46,567.4 VA 

S gT = 3 S g/4> = -490.4 - j'139.7kVA 

Therefore, the source is delivering 490.4 kW and 139.7 kvars. 

[c] Pdei = 490.4 kW 

P abs = 3(160,000)+ 3|I aA | 2 (0.18) 

= 490.4 kW = P del 

[d] g de i = 3|I c | 2 (60) + 139.7 x 10 3 = 223.3kVAR 


Qabs = 3(46,666) + 3|I aA | 2 (1.44) 
= 223.3 kVAR = Q del 


P 11.27 [a] 




34.02Q 
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run r> (630/\/3) 2 Q1 K n 
[b] R— — 31.50, R A 


X T = 


4200 

(630/V/3) 2 

-5600 


= -23.625 12; 


3 R = 94.511 
A a = 3X L = 


A*- 



- j 70.8750 


B*- 


P 11.28 Assume a A-connect load (series): 

= ^(96 x 10 3 )(0.8 +j0.6) = 25,600 + jl9,200 VA 
o 


|480| 2 

A<t> 25,600 +jl9,200 


= 5.76 — j’4.32 12 


Z A(j) = 5.76 + 4.3212 

■ A 


4B0V 


5.760 


j 4.320 


Now assume a Y-connected load (series): 


Zy4 > — --Za</> — 1-92 + j 1.4412 


480V 

Vs : 


1.920 


j1.44 O 


-70.87512 


B 
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Now assume a A-connected load (parallel): 

_ |480| 2 

~ p — 
i tA 


|480| 2 
A(p 25,600 


912 



X A <P 


|4801 2 
19,200 


12 n 





Problems 11-25 



a 0.040 j 0 . 03fi A 



| V AB | = ^3(133.61) = 231.42 V 

[b] S L/<j> = (133.61 + j0.71)(70.76 + j70.76) = 9403.1 +j9506.3VA 
S L = 3 S L/ ^ = 28,209 + j28,519 VA 

Check: 

S g = 41,600(0.707 + j0.707) = 29,411 + j29,420 VA 
^ = 3|I aA | 2 (0.04) = 1202 W 

P g = P L + P e = 28,209 + 1202 = 29,411 W (checks) 

Qi = 3|I aA | 2 (0.03) = 901 VAR 

Q g = Ql + Qe = 28,519 + 901 = 29,420 VAR (checks) 




11-26 CHAPTER 11. Balanced Three-Phase Circuits 


P 11.30 [a] 

0.8Q j6.4Q A 


•- Wv— 

-- 0 - 



+ 

^ I aA + 



V 

an 

2400/0°V 

S L 

/$ 

*- 

- * - 




N 


S L /<t> -- 

Ka = 
IaA 


720 

720 +j — (0.6) 


240,000 +7180,000 
2400 
100- j 75 A 


10 3 = 240,000 + 7180,000 VA 
100 + j75 A 


y an = 2400 + (0.8+ 76.4) (100 -775) 
= 2960 + j'580 = 3016.29 /11.09° V 


V ab | = ^(3016.29) = 5224.37V 


[b] 

0.8Q j 6.4Q A 


*-Wv-«- 

+ X I aA + 


4- 1 

l 


4- 1 

V 2400/0°V 

an t -— 

3 i 


S 2 

*-*- 







N 


Ii = 100 — j 75 A (from part [a]) 

S *2 = 0 - 7^(576) x 10 3 = -7192,000 VAR 

o 


T* 


-7192,000 

2400 


= -j80 A 


.-. I 2 = j'80 A 

IaA = 100 - j'75 + j80 = 100 + 75 A 


V an = 2400+(100+ 75) (0.8+ 76.4) 

= 2448 + 7644 = 2531.29 /14.74° V 

|Vab| = V / 3(2531.29) = 4384.33 V 
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[c] |I aA | = 125A 

Pioss/0 = (125) 2 (0.8) = 12,500 W 


P g/(j) = 240,000 + 12,500 = 252.5 kW 

_ 240 . , 

%fj= ——(100) = 95.05% 

^ 0^.0 

[d] |I aA | = 100.125A 


P lj4> = (100.125) 2 (0.8) = 8020 W 
240,000 


. 7 / = 


248,200 


(100) = 96.77% 


2400 2 

[e] ^can/Y = — j - = — 730 Q 

cap/Y J _192 000 


■^cap/A 3Z cap/Y j90 


P 11.31 [a] 


ujC 9 °’ ° (90)(120vr) 

From Assessment Problem 11.9, I aA = 


29.47//F 

(101.8 — j’135.7) A 


Therefore I cap = j 13 5.7 A 


Therefore Zcy = — .f|^ = —j’10.42 Q 


Therefore Cy = 


j 135.7 
1 


(10.42) (2tt) (60) 
Z(ja = (—j’10.42)(3) = —j'31.26 fl 


= 254.5 //F 


254.5 

Therefore C A = - = 84.84//F 


[b] Cy = 254.5 /iF 

[c] |I aA | = 101.8A 
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P 11.32 = \z\/e= ^ AN 

IaA 

0 = /Van — /IaA 

Ol = /VaB — AaA 

For a positive phase sequence, 

/Vab = /V an + 30° 

Thus, 

= /V AN + 30° — /IaA = 0 + 30° 
Similarly, 

AcC 

0 = /V CN — AcC 

$2 = /V CB — AcC 

For a positive phase sequence, 

/Vcb = /V ba — 120° = /Vab + 60° 
AcC = AaA + 12 0° 

Thus, 


0 2 = /Vab + 60° - AaA - 120° = 6 1 - 60° 
= 9 + 30° - 60° = 9 - 30° 


P 11.33 Use values from the negative sequence part of Example 11.1 — part (g): 


V AB = 199.58 /- 31.19° V 
I aA = 2.5 /- 36.87° A 

w ml = |V AB ||IaA|cos(/VAB- AaA) = (199.58)(2.4) cos(5.68°) = 476.63 W 
w m2 = |Vcb||Icc|cos(/Vcb - Ace) = (199.58)(2.4)cos(65.68°) = 197.29 W 


CHECK: W\ + W 2 — 673.9 = (2.4) 2 (39)(3) = 673.9 W 



Problems 
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P 11.34 [a] W 2 - W 1 = V L I L [cos(9 - 30°) - cos(0 + 30°)] 

= VlIl [cos 9 cos 30° + sin 9 sin 30° 

— cos 6 cos 30° + sin 9 sin 30°] 

= 2 V L I L sin 9 sin 30° = V L I L sin 9, 

therefore V3(W 2 — W\) = a/3 V l I l sin 9 = Q t 
[b] Z$ = (8 + j6) Q 

Q t = a/3[2476.25 - 979.75] = 2592 VAR, 

Qt = 3(12) 2 (6) = 2592 VAR; 

= (8 - j6) 

Q t = a/3[979.75 - 2476.25] = -2592 VAR, 

Qt = 3(12) 2 (— 6 ) = -2592 VAR; 

Z <t , = 5(l+jy/3)n 

Qt = a/3 [2160 - 0] = 3741.23 VAR, 

Qt = 3(12) 2 (5\/3) = 3741.23 VAR; 

Z'f, = 10 /- 75° n 

Q t = a/3[—645.53 - 1763.63] = -4172.80 VAR, 
Qt = 3(12) 2 [—10 sin 75°] = -4172.80 VAR 
P 11.35 I aA = (V AN /^) = \1l\HiA, 

zt = |Z|/^, V BC = |VJ /-90° V, 

Wm = |Vl| |Il| cos[-90° - (~0f)\ 

= |V L | |I L | cos( 6>0 - 90°) 

= |V L | |I L | sin 9^, 

therefore V3W m = a/3|Vl| |Il| sin 9^ = Q tota \ 
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CHAPTER 11. Balanced Three-Phase Circuits 


P 11.36 [a] Z = 16 - j 12 = 20 /- 36.87° O 

Van = 680/tP V; I aA = 34 /36.87° A 

Vbc = Vbn — Vcn = 680\/3 / — 90° V 
W m = (680v / 3)(34) cos(—90 - 36.87°) = -24,027.0 W 
V3W m = -41,616.0 VAR 
[b] = (34 2 )(—12) = -13,872VAR 

Qt = 3 = -41,616 VAR = VsW m 

P 11.37 [a] Z& = 160 + ,7120 = 200 /36.87° ft 

4160 2 


SU = 


= 69,222.4 +j51,916.8 VA 


P 11.38 [a] I* A = 


160 - j 120 
S T = 3 S# = 207,667.2 +j'155,750.4 VA 
[b] W mA = (4160)(36.03) cos(0 + 6.87°) = 148,808.64W 

W m2 = (4160)(36.03) cos(—60° + 126.87°) = 58,877.55 W 

Check: P T = 207.7kW = W ml + W m2 . 

144(0.96 - j0.28)10 3 


7200 


= 20 /- 16.26° A 


V BN = 7200 /- 120° V; V CN = 7200 /120° V 
V B c = Vbn — Vqn = 7200a/ 3 /— 90° V 
I bB = 20 /- 103.74° A 

W m i = (7200\/3)(20) cos(—90° + 103.74°) = 242,278.14 W 


[b] Current coil in line 3 A, measure I a a. 

Voltage coil across AC, measure Vac- 

[c] / a A = 20 /16.76° A 

Vac = Van - V CN = 7200^ /-30° V 

W m2 = (7200\/3)(20)cos(-30° - 16.26°) = 172,441.86 W 

[d] W ml + W m2 = 414.72kW 

P T = 432,000(0.96) = 414.72 kW = W ml + W m2 



Problems 
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P 11.39 [a] W] = | V B a 11I bB | cos 6\ 

Negative phase sequence: 

Vba = 24073 /150° V 

240/0/ 


l aA 


= 18/30° A 


13.33 /- 30 c 
I bB = 18 /150° A 

Wi = (18) (240) 73 cos 0° = 7482.46 W 

W 2 = |Vca||Icc|cos0 2 

Vca = 24073 /- 150° V 
Ice = 18 /-90° A 

W 2 = (18)(240)73cos(-60°) = 3741.23 W 
[b] P, / = (18) 2 (40/3) cos(—30°) = 3741.23 W 
P T = 3 P^ = 11,223.69 W 
Wi + W 2 = 7482.46 + 3741.23 = 11,223.69 W 
.-. W 1 + W 2 = P T (checks) 

P 11.40 [a] Negative phase sequence: 

V AB = 24073 /-30° V 
V BC = 24073/90/V 
V CA = 24073 /- 150° V 
24073 /-30° 


•-AB = 


l BC 


lCA = 


20/30° 

24073/90° 
60/0/ 

24073 /- 150 


40 /-30 


= 20.78 /- 60° A 
= 6.93/90° A 

= 10.39 /- 120° A 


I a A — Iab + Iac — 18 /— 30° A 

Ice = Icb + Ica = Ica — Ibc = 16.75 /— 108.06° A 

W m i = 24073(18) cos(—30 + 30°) = 7482.46 W 
W m2 = 240 73(16.75) cos(-90 + 108.07°) = 6621.23 W 
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[b] Wmi + Wm 2 = 14,103.69W 

P A = (12v / 3) 2 (20 cos 30°) = 7482.46 W 
P B = (4\/3) 2 (60) = 2880 W 
P c = (6v / 3) 2 [40cos(-30°)] = 3741.23 W 
Pa + Pb + Pc = 14,103.69 = W m i + W m2 


P 11.41 tan0 


y/3(W 2 - Wx) 

W1 + W2 


0.7498 


0 = 36.86° 


24001I L | cos 66.87° = 40,823.09 


I L | = 43.3 A 


, 2400/a/3 

' ^ 43.3 

P 11.42 [a] Z=\z A = 

o 


= 3211 .'. = 32 /36.87° 12 

4.48 + j'15.36 = 16 /73.74° 12 


I aA = 6Q °^r = 37.5/- 73.74° A 
16 /73.74° / - 

I bB = 37.5 /- 193.74° A 

V AC = 600y / 3 /-30° V 

Vbc = eOOy^ /— 90° V 

W x = (600^)(37.5) cos(-30 + 73.74°) 

W 2 = (600v / 3)(37.5) cos(—90 + 193.74° 

[b] Wx + W 2 = 18,900 W 

P T = 3(37.5) 2 (13.44/3) = 18,900W 

[c] Vs(Wx - W 2 ) = 64,800 VAR 

Qt = 3(37.5) 2 (46.08/3) = 64,800 VAR 


28,156.15 W 
= —9256.15 W 



Problems 11-33 


P 11.43 From the solution to Prob. 11.17 we have 

I aA = 210 /20.79° A and I bB = 178.68 /- 178.04° A 

[a] W\ — |V ac | |IaA| cos(0 ac 0 & a ) 

= 480(210) cos(60° - 20.79°) = 78,103.2 W 

[b] W 2 = |V bc ||I bB |cos(0 bc -0 bB ) 

= 480(178.68) cos(120° + 178.04°) = 40,317.7W 

[c] VFi + W 2 = 118,421 W 

P AB = (192) 2 (2.4) = 88,473.6 W 
P BC = (48) 2 (8) = 18,432 W 
Pca = (24) 2 (20) = 11,520 W 
-Pab + Pbc + -Pca = 118,425.7 

therefore 11/ + ll/; ~ Ptotal (round-off differences) 
P 11.44 [a] For one phase, 

1.2Mvar 


1.2MEI 

[b] 
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.11/34.12°V 

0 0/3o°v 



P 11.45 [a] Q = 


Xr 


1 01 1.2 x 10 6 

.-. - 4 - = 158.70; C = — — y - v = 16.71 uF 

ojC ’ 2vr(60) (158.70) P 

.'. C = 3(16.71) = 50.14/iF 

P 11.46 If the capacitors remain connected when the substation drops its load, the expression 
for the line current becomes 


13,800 


i: A = —ji.2 x io e 


v/3 

or I* A =-J150.61A 
Hence I aA =jl50.61A 


Now, 


V 


an 


13,800 . n , 

—^=—/F + (0.6 + j'4.8)(j 150.61) 


7244.49+^90.37 = 7245.05 /0.71° V 


The magnitude of the line-to-line voltage at the generating plant is 

|V ab | = ^3(7245.05) = 12,548.80 V. 


This is a problem because the voltage is below the acceptable minimum of 13 kV. 
Thus when the load at the substation drops off, the capacitors must be switched off. 



Problems 11-35 


P 11.47 Before the capacitors are added the total line loss is 
P L = 3| 150.61 + j 150.611 2 (0.6) = 81.66 kW 
After the capacitors are added the total line loss is 
P L = 3|150.61| 2 (0.6) = 40.83kW 


Note that adding the capacitors to control the voltage level also reduces the amount 
of power loss in the lines, which in this example is cut in half. 


P 11.48 [a] 


13,800 


&A 


80 x 10 3 + j200 x 10 3 - jl200 x 10 3 


80 ^ 3 -^ 1000^3 


l aA 


V = 

” an 


13.8 

I aA = 10.04 + j'125.51 A 
13,800 


= 10.04 - j'125.51A 


73 


/Y + (0.6 + j4.8)(10.04 + j'125.51) 


= 7371.01 + j'123.50 = 7372.04 /0.96° V 


.-. |V ab | = 73(7372.04) = 12,768.75 V 

[b] Yes, the magnitude of the line-to-line voltage at the power plant is less than the 
allowable minimum of 13 kV. 

P 11.49 [a] = (80 + j'200) x 10 3 

73 

^ = 80^00^ = laM + ^ 1A 

.'. I aA = 10.04-J25.1A 

V an = + (0.6 + j’4.8) (10.04 - j25.1) 

= 8093.95 + j33.13 = 8094.02 /0.23° V 


• |V ab | = 73(8094.02) = 14,019.25 V 

[b] Yes: 13 kV < 14,019.25 < 14.6 kV 

[C] Pioss = 3| 10.04 + j'125.51| 2 (0.6) = 28.54kW 

[d] Pi oss = 3| 10.04 + j'25.1| 2 (0.6) = 1.32kW 

[e] Yes, the voltage at the generating plant is at an acceptable level and the line loss 

is greatly reduced. 
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Introduction to the Laplace Transform 


Assessment Problems 


AP 12.1 [a] cosh pt — 


e/3i _|_ e fit 


Therefore, 

1 r°° 

£{cosh/3t} = - [e — ( s— + e _ ^ s+/3 ^]rft 

2J o- 


e -(s-/3)t 


-( s-P ) 

1 ( 1 

+ 


°o g—(s+/ 3 )t 


+ 


o- — (s + /3) 
1 \ s 


2 \s — P s + p s 2 -p 2 


[b] sinh pt = 


e fit — e -0t 


Therefore, 
£{sinh pt} = 


1 r°° r 
2J o- 


,-{s-P)t _ p -{s+f3)t 


dt 


1 

1 

CO 

T 

i_ 

°o x 

g ~(s+P)t 

2 

i 

V 

i 

3 

I CM 

II 

1 

o 

_ — (s + P)_ 


_ 1 / 1 1 \ _ p 

~ 2 ^7^/3 _ s + /V “ (s 2 - P 2 ) 

AP 12.2 [a] Let /(f) = te~ at : 

F(s) = £{fe _at } = ! 


Now, £{f/(f)} = 


(s + a) 2 

£F(s) 

ds 


12-1 
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So, C{t ■ te at } = —-f- 

ds 


(s + a) 2 


(s + a) 2 


[b] Let f(t)=e at sinh /3t, then 


= F(s) = 


P 


(s + a) 2 — P 2 




s(P) 


(s + a) 2 — P 2 


0 = 


[c] Let /(f) = cos cut. Then 


F(s) = 


and 


is 2 - w 2 ) 


AP 12.3 F(s) = 


( s 2 + cu 2 ) 
Therefore C{t cos cut} = 
6s 2 + 26s + 26 


dF(s) _ 
ds (s 2 + cu 2 ) 2 

dF(s) 


s 2 -cu 2 


ds 

K\ 


(s 2 + cu 2 ) 2 


K 2 I<:> 

+ -^ + 


(s + l)(s + 2)(s + 3) s + 1 s + 2 s + 3 


r . 6 - 26 + 26 o 24- 52 + 26 o 

IA 1 — - 7 ——— - — o\ IA 2 — -;-T+—7 — Z 

( 1 )( 2 ) (- 1 )( 1 ) 


„ 54 - 78 + 26 , 

s “ (— 2 )(— 1 ) 


Therefore /(f) = [3e f + 2e 2t + e 3< ] u(t) 


AP 12.4 F(s) = 


7s 2 + 63s + 134 
(s + 3)(s + 4)(s + 5) s + 3 ' s + 4 ' s + 5 


K x K 2 K, 

+ ——7 + 


63 - 189 + 134 112 - 252 + 134 

Ki = - 777 ^-= 4; K 2 = - 


1 ( 2 ) 




„ 175 - 315 + 134 

lA^t — -7-—-7- — —O 

- 2-1 


fit) = [4e- 3t + 6e -4 * - 3e“ 5t ]u(f) 


AP 12.5 F(s) = 


10(s 2 + 119) 

(s + 5)(s 2 + 10s + 169) 


Ps 

(s + a) 2 — P 2 


s 1;2 = -5 + ^25 - 169 = -5 + j\2 



Problems 12-3 


F(s) 


K\ | K 2 | K* 
s + 5 + s + 5 - jl2 + S + 5 + /12 


Ki = 10(25+ 119) = 1Q 
25 - 50 + 169 


K 2 


10[(—5 + jl2 ) 2 + 119] 
(J'12)(j24) 


j4.167 = 4.167/90° 


Therefore 


/(f) = [10e _5t + 8.33e -5 * cos(12f + 90°)] u(t) 
= [10e~ 5t - 8.33e _5t sin 127] u(t) 


WN 4s 2 + 7s + 1 K 0 , A/ , A ^ 2 

AP 12.6 A(s) — 7 . -i \o — 6 t . no + 


s(s + l ) 2 


s (s + l ) 2 s + 1 


K « = (/j2 = r ^ = ^ = 2 


K, = — 


d 

4s 2 + 7s + 1 

s( 8 s + 7) - (4s 2 + 7s + 1) 

ds 

s 

, “ s 2 

5= — 1 


1 + 2 


= 3 


5= — 1 


AP 12.7 F(s) = 


Therefore /(f) = [1 + 2fe 1 -\- 3e / u(t) 
40 40 


(s 2 + 4s + 5 ) 2 (s + 2 — jl) 2 (s + 2 + jl) 2 

Ki K 2 K* 

4---h 

1 / r-v • -I \ 1 


(■s + 2-jiy (.s + 2-jl ) (s + 2 +jl ) 2 

K* 


(s + 2+jl) 


40 

ATi = —— = -10 = 10/180° and AT* = -10 

U 2 ) 


Ko = 


d 

ds 


40 


(s + 2 + jiy 


s=—2+jl 


—80 

w 


= — jTO = 10 /-90° 


A/ = /10 
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Therefore 


/(f) = [20fe 2t cos (t + 180°) + 20e 2t cos(f — 90°)] u{t) 
= 20e _2t [sinf — fcosf] u[t) 


AP12 . 8 fW = 5 ^ + 29 3 + 32 5 ^+ 29 , +32 = 5 _ 

(s + 2) (s + 4) s 2 + 6s + 8 


s + 8 


(s + 2)(s + 4) 


s + 8 


Ki K 2 


(s + 2)(s + 4) s + 2 s + 4 


A, = A±^ =3; ft ==!+*=_ 2 


Therefore, 


8 9 

^(a) = 5 - -4^ + 


s + 2 s + 4 


/(f) = 5<5(f) + [—3e 2t + 2e \u{t ) 


, . 2s 3 + 8s 2 + 2s — 4 4(s + 1) 

AP 12.9 F{s) = - „ , . — -= 2s - 2 + , ,\ w ; ^ = 2s - 2 + 


s 2 + 5s + 4 


(s + l)(s + 4) 


f(t)=2 , E£i-26(t)+4e-*uU) 


AP 12.10 


lim sF(s) = lim 


7s 3 [1 + (9/s) + (134/7s 2 )] 
[s 3 [l + (3/s)][l + (4/s)][l + (5/s)] 


= 7 


/(0 + ) = 7 


lim sF(s) 


lim 

5—>-0 


7s 3 + 63s 2 + 134s 
(s + 3)(s + 4)(s + 5) 


0 


/(oo) = 0 


lim sF(s) 

s—yoo 


lim 

s—> oo 


s 3 [4 + (7/s) + (1/s 2 )] 
S 3 [l + (1/s)] 2 


4 


4 

s + 4 


/(0 + ) = 4 



Problems 12-5 


lim sF(s) 


lim 

s->0 


4 s 2 + 7s + 1 
(s + 1) 2 


1 


f(o o) = 1 


lim sF(s) 

s—> oo 


lim 

s—> OO 


40s 

s 4 [l + (4/s) + (5/s 2 )] 2 


0 


/( 0 + ) = 0 


lim sF(s) 


lim 

s->0 


40s 

(s 2 + 4s + 5) 2 


0 


/(oo) = 0 
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Problems 

P 12.1 [a] f(t) = 5 t[u(t) — u(t — 2)] + 10[w(t — 2) — u(t — 6 )] + 

(—5 1 + 40)[w(t — 6) — u{t — 8)] 

[b] /(£) = (10sin7rt)[w(t) — u{t — 2)] 

[c] f(t) = 4 t[u{t) - u(t - 5)] 

P 12.2 [a] (10 + t)[u(t + 10) — u(t)] + (10 — t)[u(t) — u(t — 10)] 

— (t + 10)w(t + 10) — 2 tu(t) + (t — 10)w(t — 10) 

[b] (—24 — 8 t)[u(t + 3) — u(t + 2)] — 8 [u{t + 2) — u(t + 1 )] + 8 t[u(t + 1 ) — u(t — 1 )] 

+ 8 [u(t - 1 ) - u(t - 2)] + (24 - 8 t)[u(t - 2) - u(t - 3)] 

= —8 (t + 3 )u(t + 3) + 8 (t + 2 )u(t + 2) + 8 (t + 1 )u{t + 1) — 8 (t — 1 )u(t — 1) 

—8 (t — 2 )u(t — 2) + 8 (t — 3 )u{t — 3) 

P 12.3 


BO n 

f(fl 

/ 40 - 

/ 20 - 

/ n 

\ t(s) 

i i U 

10 -5 

] 5 10\ 15 20 25 Aq 

-20 - 

\ / 

-40 - 

\ / 

-60 - 



P 12.4 [a] 25 n f (t ) 




Problems 12-7 


P 12.5 

P 12.6 


P 12.7 
P 12.8 

P 12.9 

P 12.10 


[b] f(t) = —20 t[u(t) — u(t — 1)] — 20 [u(t — 1) — u(t — 2)] 

+20 cos (ft)[u{t — 2) — u(t — 4)] 

+ (100 - 20 t)[u(t - 4) - u(t - 5)] 

[b] 0; [c] oo 

[a] I = (t :i + 2 )S(t) dt + J* 8(t 3 + 2 )8(t - 1) dt 

= (0 3 + 2) + 8(1 3 + 2) = 2 + 8(3) = 26 

[b] / = f t 2 8(t)dt + f t 2 8{t + 1.5) dt + / t 2 8{t — 3)dt 

i J 2 *-/ 2 2 

= 0 2 + (-1.5) 2 + 0 = 2.25 

m = 4- r ■ e*" dw = (+1 (= 


2vr J — OO (9 + ju) 


2nJ \ 9 + jO 


As £ —>■ 0 the amplitude —> oo: the duration —> 0; and the area is independent of e, 
i.e., 


A = 


£ 1 


—oo 7T £ 2 + t 2 
-£ 1 


dt = 1 


F(s) = I ~e~ st dt = 
v ; J-e 2e 2es 


F(s) = — lim 

v ' 2se^o 


se S£ + se 


1 2s - i 

” 2s ' T “ 1 


[a] Let dv = 5'(t — a) dt, v = 8{t — a) 
u = fit), du = fit) dt 

Therefore 

/ OO 

f{t)8'{t — a) dt = f{t)8{t — a) 

-oo 


oo /*oo 


8(t — a)f'{t) dt 


— OO J —oo 


= o - /'(a) 


[b ]C{8'(t)}= 8'{t)e~ st dt = 

7 o- 


d(e 


— 


dt 


-se 


„ — St 


t =0 


t=0 


= s 


co | to 
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P 12.11 



/•—e/2 4 r £ / 2 / — 4\ /■£ 4 

F(s)= -e~ st dt+ ( — )e- st dt+ -e~ st dt 
J-£ £ 6 J-e/2 \£ 6 J Je /2 S' 3 

Therefore F(s) = -At [e S£ - 2e se/2 + 2 e - £e/2 - e^l 

£{5"(f)} = limF(s) 


After applying L’Hopital’s rule three times, we have 


lim - . 

£ —3 L 


oSe _ i\ p se/2 _ £ -se/2 

4 4 


2s /3s 

y It 


P 12.12 £ 


Therefore C{5"(t)} = s 2 
d n f (t) 


dt n 

v 

Therefore 


= s n F(s) - s n -7(0~) - s n - 2 f'{ 0”)- 


£{<5 (n) (f)} = s "(l) - s n_1 <S((T) - s n_2 5'(0 _ )-= s r 


P 12.13 [a] £{f} = therefore £{te a } = 


(s + a) 2 


[b] sin = 


e i ut — e~^ ut 


J2 


Therefore 


£{sina;f} = 


j2/ \s-ju s + ju / 

CO 


2 ja; 
j2 / Vs 2 + a; 2 


s 2 + cu 2 



Problems 12-9 


[c] sin (cut + 9) = (sin cut cos 9 + coscut sin 6) 

Therefore 

£{sin(c</f + 6)} = cos 9C{s\i\cut} + sin #£{ cos out} 
cu cos 6 + s sin 9 


s 2 + cu 2 

—st 

te~ st dt = ——(—st — 1) 


ro° t p 

-st 1 ■ c 


[d] £ W = ,„ 

[e] /(f) = cosh f cosh 9 + sinh t sinh 9 
From Assessment Problem 12.1(a) 

s 


= 0--(0-l) = - 


£{coshf} = 

— 1 

From Assessment Problem 12.1(b) 
£{sinhf} = 1 


.'. £{cosh(f + 9)} = cosh# 


+ sinh 9 


sinh 9 + s [cosh 9] 


P 12.14 


/ OO 

t e -(s+a)t. fa 

o- 


£ -(s+a)t 

(s + a) 2 


— (s + a)t — 1 


Jo- 


[b] 


= 0 + 
C{te~ at } = 


(s + a) 2 
1 

(s + a) 2 


c{Ute- at )\ = 

\dt y J (s + a) 2 


(s + a) 2 


[c] y(t e ~ at ) = -ate- at + e~ at 

ILL 

C{-ate~ at + e~ at j = 


+ 


+ 


s + a 


\dx J (s + a) 2 


(s + a) 2 (s + a) (s + a) 2 (s + a) 2 

s 


CHECKS 
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P 12.15 


P 12.16 

P 12.17 


P 12.18 


[a] am) = 


/ £ p 

1 

2 S£ 

a 


/ OO 

— ae~ a< ' t ~ £ ' ) e~ st dt 


lim F(s) = 1 - 
£->o s + a s + a 


[b] C{e~ at } = 


s + a 


Therefore £{/'(£)} — sF(s) — f( 0 ) = — 5 -0 = — 9 — 

s + a s + a 

POO POO 

C{ e ~ at f{t)} = / [e~ at f (t)\e~ st dt = / f(t)e~ {s+a)t dt = F(s + 
J o~ J o- 

[a] C { f e~ ax dx] = ^ 

U o- J s s(s + a) 

[b] cl f ydy} = -(\) = \ 


o- 


s \S 2 J s 3 


pt Ip (Ft 

[c] / e~ ax dx= - 

Jo- a a 



e~ at \ 

1 

■1 

1 ■ 

1 

| a 

a j 

a 

.s 

s + a_ 

s(s + a) 


j ydy = t -; 
Jo~ 2 


dt U 1 i = i 

12 2 s 3 s 3 


r , ft/sin cot 1 see 

W£ {—) = ?T^- 0 

[b] £ jdc«*i| = ^_ o 


[c] C 

[d] 


dt j s 2 T a; 2 

J d 3 (f 2 ) 1 _ , / 2 


1 dt 3 j 

d sin cot 


= s 


— s 2 (0) — s(0) — 2(0) = 2 


dt 
d cos cot 


= (cos cot) ■ co, £{a;cosa;f} = 
= —co sin cut + 8(t) 


cos 


S 2 + CO 2 


dt 

co 2 s 2 

C{-cosincot + 8(t)} = ———^ + 1 = 


S 2 + CO 2 


S 2 + CO 2 


d2(t2) = 2«(«); ftp- = 2 S(ty, C{2S(t)} = 2 


dt 2 



Problems 12-11 


P 12.19 [a] f(t) = 5t[u(t) - u(t - 2)] 

+(20-5i)[u(t-2) -u(t-6)] 

+ (5 1 — 40)[«(t — 6) — u(t — 8)] 

= 5 tu(t) - 10(t - 2 )u(t - 2) 

+10(t — 6 )u(t — 6) — 5 (t — 8 )u(t — 8) 


, 5[1 - 2e~ 2s + 2e~ 6s - e~ 8s ' 

F ( s ) = -2- 



f(t) = 5 [u(t) — u(t — 2)] — 5 [u(t — 2) — u(t — 6)] 
+5 [u(t — 6) — u(t — 8)] 

= 5 u(t) — 10 u(t — 2) + 10 u(t — 6) — 5 u(t — 8) 



f"(t ) = 5 6(t) - 10 S(t - 2) + 10 S(t - 6) - 56(t - 8) 
C{f"(t)} = 5[1 - 2e~ 2s + 2e~ 6s - e~ 8s } 
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P 12.20 


P 12.21 


P 12.22 


P 12.23 


[a] / xdx = — 

Jo- 2 

£ { 5 K/>-" 


St 


—s° 


( s 2 t 2 + 2 st + 2) 


1 . . 1 

“ 2s3 (2) “ S3 

.'. C { [ X dx\ = ^ 


o- 


[b] C{ f*_xdx\ = - 1 ^ 2 1 


xdx) = 


C 


[a] £{40e- 8(t - 3) w(£-3)} = 


s s s 

1 


CHECKS 


40e 


—3 s 


(s + 8) 


[b] First rewrite f(t) as 

/(f) = (5 1 - 10 )u(t - 2) + (40 - 10 t)u(t - 4) 

+(10 1 - 80 )u(t - 8) + (50 - 5 t)u(t - 10) 

= 5(t - 2 )u(t - 2) - 10(f - 4 )u(t - 4) 

+10(f - 8 )u(t - 8) - 5(t - 10 )u(t - 10) 

_ 5[e _2s - 2e~ 4s + 2e" 8s - e" 10s ] 

• • ? ( S ) — o 

poo 

C{f(at)}— / f(at)e~ st dt 
Jo- 

Let u = at, du = a dt, u = 0“ when t — 0~ 

and u — oo when t — oo 

poo rlii I 

Therefore £{/(at)} = / f(u)e~^ u ^ a ^ s — = -Fis/a) 

J o- 


[a] /i(f) = e sin cat; Fi(s) = 


F{s) = sF^s) - h{ 0") = 


a a 

ca 


(s + a) 2 + a; 2 


sea 


(s + a) 2 + ca 2 


-0 



Problems 12-13 


F(s) = 


d 


at cos Ljt; 

Fi W 

fiW 

s + a 


s + a 

(.s + a) 2 + u 2 


s[(s + a) 2 + u 2 


[c] — fe at sin cut] = toe at cos ut — ae at sin ut 
dF J 


Therefore F(s) — 


us 


e ax cos ux dx = 
J o- 

Therefore 


u;(s + a) — ua 
(s + a) 2 + u 2 (s + a) 2 + u 2 

ae~ at coso ot + ue~ at sin ut + a 


a 2 + u 2 


F w = 


a 2 + u 2 


+ 


u 


—a(s + a) 

(s + a) 2 + u 2 ' (s + a) 2 + u 2 ' s 


s + a 


P 12.24 [a] 


[b] 


s[(s + a) 2 + u 2 ] 

dF(s) d 

ds ds 

Therefore £{tf(t)} = 

d 2 F(s ) 


poo poo 

/ f{t)e~ st dt =— tf{t)e~ si dt 
Jo- J J o- 

dF(s) 


(is 


(is 2 


poo 

/ t 2 f{t)e~ st dp 
J o- 


rf 3 F(s) 

ds 3 


poo 

/ —t 3 f(t)e~ si dt 
J o- 


d n F(s) 


Therefore 

ds n 

[c] £{f 5 } = £{f 4 f} = (-1) 4 


poo 

= {-l) n / t n f(t)e~ st dt = (-1 ) n £{t n f(t)} 
J o- 

d A ( 1 \ 120 


ds 4 


£{fsin/3f} = (—1) 


£{fe 'coshf}: 


i d ( (3 


2ps 


ds \s 2 + (3 2 ) (s 2 + (3 2 y 


From Assessment Problem 12.1(a), 

s 


F(s) = £{cosh t] = 


s 2 — 1 


s 2 + 1 


dF _ (s 2 — 1)1 — s(2s) 
ds (s 2 — l) 2 (s 2 — l) 2 

_ dF _ s 2 + 1 
ds (s 2 — l) 2 


Therefore 
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Thus 


£{fcosht} = 


s 2 T 1 


£{e H cosht} = 


(s 2 - l) 2 

(s + l) 2 + 1 s 2 + 2s + 2 


[(s + l) 2 -l] 2 s 2 (s + 2) 2 

/ oo r oo r roc 1 r oo r r oo 

F{u)du— / / f(t)e~ ut dt du= / f{t)e~ ut du 

s J s U 0- J j 0- U s 


dt 


[b] E{t s'm.pt} = 


therefore £ 



~—tu 


— t 


dt 


m 


[s 2 + P 2 ) 2 


j t sin pt \ f°° 

2 Pu 

j t J “ Js 

[u 2 + P 2 ) 2 


du 


Let u = u 2 + P 2 , then u = s 2 + P 2 when u — s, and u — oo when u 
also du = 2 u du, thus 


£ 


(t sin pt | 

J 

1.2s 


i 


s 2 +/3 2 


du 


u z 


■_t N 1 00 

= P[ — 

u 


p 


P 12.26 I g (s)= s2 + i , 

km+im 

R L s 
V{s) 


= 1 . 6 ; 


= 1; 


2 +/3 2 S 2 + P 2 

1 


c 


k + h +sC . 


v(s) = -Ht s) 


RC LC 

+ C[sV(s) - 1 .( 0 ")] = I,(s) 

= 4W 

Lslg(s) _ gSlg(s) 


= 1.6 


^ + sC fl s + 1 + s 2 LC s 2 + RC s + LC 


(1.6)(1.2)s 2 _ 1.92s 2 

(s 2 + 1.6s + l)(s 2 + 1) (s 2 + 1.6s + l)(s 2 + 1) 


P 12.27 [a] + \ t‘v 0 dx + cF = 0 

R L Jo dt 


R [ l , r^^dVo 

+ — / v Q dx + RC —— — V dc 
L Jo dt 


dv„ 



Problems 12-15 


[b] Vo+Y~ + RCsV 0 = — 
L s s 


sLV 0 + RV 0 + RCLs 2 V 0 = LVdc 


VJs) = 


(l/RC)V dc 

s 2 + (1 /RC)s + (1/LC) 


1 

[c] i 0 =t l ’o dx 

L Jo 


Io(s) = u = 


{l/RCL)V dc 


v ' sL s[s 2 + (1 /RC)s + (1 /LC)\ 

P 12.28 [a] -X- = ---— = 50 x 10 6 

LC (200 x 10- 3 )(100 x 10~ 9 ) 


RC (5000)(100 x 10" 9 J 


= 2000 


V 0 (s) = 


70,000 


s 2 + 2000s + 50 x 10 6 


Si j2 = —1000 ± j7000 rad/s 


K(s) = 


70,000 

(s + 1000 - j'7000) (s + 1000 + j'7000) 

U U 

s + 1000 - j7000 s + 1000 + j7000 


70,000 = 
j 14,000 L - 

v a (t) = 10e _looot cos(7000t - 90 o )w(t) V 
= 10e" loow sin(7000 t)u(t) V 


[b] Us) = 


35(10,000) 

s(s + 1000 - j'7000) (s + 1000 + j7000) 


_ K\ , K 2 , K* 

~s~ + s + 1000 - j'7000 + s + 1000 + j7000 

35(10,000) 

50 x 10 6 

K, =_ 35 < 10 -° W > _= 3.54/171.87° mA 

" (-1000 +j'7000)(jl4,000) L - 

i a (t) = [7 + 7.07e- looot cos(7000t + 171.87°)]u(t) mA 
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P 12.29 [a] I dc = \ fvo dx + ^ + C ^ 

L Jo R dt 

he VM , VM , mr , , 
~ = — + — + sCl/ “ (s) 




r i • n dv ° 

[c] lo C 

dt 


Idc fc 

s 2 + (1 /RC)s + (l/LC) 


• •• / 0 (s) = sCVJs) = 


s 2 + (1 /RC)s + (1/LC) 


p 12J0 w w = (1 x wh x io-«) = 500 


LC (12.5)(2 x IQ" 6 ) 


= 40,000 


Vo(s) = 


500,000 I dc 
s + 500s + 40,000 

500,000/ dc 
(s + 100)(s + 400) 

15,000 

(s + 100)(s + 400) 

Ki K 2 

s + 100 + s + 400 


= 15/100 = 1^00^ 

1 300 ’ 2 -300 


VJs) = 


s + 100 s + 400 


v 0 (t) = [50e 


—lOOt ixn^-400£ 


50e" 4UU >(7) V 


[b] I 0 (s) = 


0.03s 


; (s +100)(s + 400) 

Ki I<2 
s + 100 + s + 400 

= 0.03(—100) = 

1 300 

= 0.03(—400) = 

-300 



Problems 12-17 


P 12.31 


P 12.32 


-°. 01 0.04 

~ s + 100 + s + 400 

i Q (t) = (40e~ 400t - 10e~ loot )u(t) mA 


[c] i o (0) = 40 - 10 = 30 mA 

Yes. The initial inductor current is zero by hypothesis, the initial resistor 
current is zero because the initial capacitor voltage is zero by hypothesis. Thus 
at t = 0 the source current appears in the capacitor. 


dv i v x - v 2 

[al c ir + —tr = l > 


1 

z 


[ v-2 dr + 
Jo 


V2 ~ Vl 

R 


0 


or 

n dv i ih _ V2 _ . 

dt + R R~ h 


Vl 

R 




0 


[b] CW, (s) + 



Vtjs) 

R 


= I g {s) 


Vi (g) M*) , Va(a) _ 

R R sL 
or 

(.RCs + l)Fi(s) - V 2 (s) = RI g (s) 
—sLVi(s) + (R + sL)V 2 (s) = 0 


1 

C 


Solving, 

y __ s Ig( s ) _ 

21 ; C[s 2 + (R/L)s + (l/LC)] 

, 1 , R 

= 5 x 10 6 ; — = 25 x 10 6 ; - 

ZvO jLj 


8000 


(6 x 10 _3 )(5 x 10 6 ) 
s 2 + 8000s + 25 x 10 6 


s 1)2 = —4000 ± j3000 


V2{s) 


30,000 

(s + 4000 - 73000) ( s + 4000 + j3000) 

Ki | Kj 

s + 4000 - j3000 s + 4000 + j3000 
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P 12.33 


P 12.34 


_ 30^000 _ _ 

j6000 J L - 


v 2 (t) = 10e _4000t cos(3000t - 90°) 
= [10e _400tM sin 3000t]w(t) V 

[a] For t > 0 + : 

v ° , n dv ° , • n 
-PT + C— + l Q = 0 

at 


R 


v 0 = L 


di Q 
dt ’ 

L di 0 
R dt 


dv Q d 2 i a 

dt dt 2 


+ LC 


(Rio 

dt' 2 


d 2 i r , 


or 


+ 


1 di r 


dt 2 RC dt LC 


+ 77<®o ~ 0 


[b] s 2 / D (s) — s/d c — 0 + ——[s/ 0 (s) — /do] + ——I 0 (s) — 0 


Io(s) U 2 + 


Us) = 


-S + 


RC 

1 


LC 


RC LC 
I dc [s+(l/RC)} 


= I dc (s + l/RC) 


RC 

Us) = 


= 8000; 


[s 2 + (1 /RC)s + (1 /LC)] 

1 


= 16 x 10 t 


LC 

0.005(s + 8000) 


s 2 + 8000s + 16 x 10 6 
S 12 = —4000 

0.005(s + 8000) K\ 


K, 


J (s) = : ^ ^ ' —_'_ l 

oV ; (s + 4000) 2 (s + 4000) 2 s + 4000 


K l = 0.005(s 4- 8000) 


d 


= 20 


s=—4000 


K 2 = [0.005(s 4- 8000 )] s= _ 4[ioo = 0.005 


Us) = 


20 


+ 


0.005 


(s 4- 4000) 2 s + 4000 
i 0 (t) = [20te" 4000t + 0.005e _4 ° ow ]-u(t) V 



Problems 12-19 


P 12.35 [a] 300 = 60ii + 25^ + 10—(* 2 - h) + 5—(*i - i 2 ) - 10— 

at at at at 

d , , du 

0 = 6 It (k - ii) + 10^ + 40 !2 

Simplifying the above equations gives: 

d/i ] dio 

300 = 60*! + 10—^ + 5—^ 
dt dt 

. . di i dio 
0 = 40i 2 + 5—— + 5—— 
dt dt 


[b] -— (10s + 60)/i(s) + 5 s/ 2 (s) 

s 

0 = 5s/i(s) + (5s + 40)/ 2 (s) 


[c] Solving the equations in (b), 

t /„\ 60(s + 8) 


h(s) = 


s(s + 4)(s + 24) 


/ 2 (a) = 


(s + 4)(s + 24) 


rJ1 t / \ K ' , ^2 , Ks 

[d] J,( S ) - — + 

A, = MM = 5; A' 2 = 

(4) (24) 

( 60 ) ( 16 ) 

3 (—24)(—20) 

r ( \ - ( h _ _ _ 

^ Vs s + 4 s + 24. 


(60)(4) 
(—4) (20) 


= -3 


ii(t) = (5 — 3e 4 — 2e 2 l )u{t) A 

, , , K , , A 2 

/2<S) " JT4 + JT24 

K ‘ = W = - 3 ’ /f2 = ^5 = 3 


* 2 (t) = (3e — 3e )w(f) A 


[e] *i(oo) = 5A; * 2 ( 00 ) = 0A 
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[f] Yes, at t — oo 

i i =-= 5 A 

60 

Since is a dc current at t = oo there is no voltage induced in the 10 H 
inductor; hence, i 2 = 0. Also note that ii(0) = 0 and i 2 (0) = 0. Thus our 
solutions satisfy the condition of no initial energy stored in the circuit. 

P 12.36 From Problem 12.26: 


V(*) = 


1.92s 2 

(s 2 + 1.6s + l)(s 2 + 1) 


s 2 + 1.6s + 1 = (s + 0.8 + j0.6)(s + 0.8 — j0.6); s 2 + 1 = (s — jl)(s + j 1) 


Therefore 


V(s) = 


1.92 s 2 

(s + 0.8 + j0.6)(s + 0.8 — j0.6)(s — jl)(s + j 1) 

Ki KT K 2 K* 

---(- - -(--- 1 -— 

s + 0.8 —j0.6 s + 0.8 + j0.6 s — j 1 s + j 1 


1 92s 2 

K x = - -—-- = 1 /- 126.87° 

(s + 0.8 + j0.6)(s 2 + 1) s=—0.8+j0.6 


1 92 s 2 

K 2 = - —T^— -r = 0.6/tT 

(5 + jl)(«S 2 + 1.65 + 1 ) s=jl 


Therefore 


v(t) = [2e"°- 8t cos(0.6t- 126.87°) + 1.2 cos (t)]u(t)Y 


P 12.37 [a] F(s) = —\ + K \ + 

w s+1 s+2 s+4 

8s 2 + 37s + 32 

I — —-—-— — 1 

(s + 2)(s + 4) s=-i 

_ 8s 2 + 37s + 32 
i2 “ (s + l)(s + 4) , = _ 2 “ 

_ 8s 2 + 37s + 32 
i3_ (s + l)(s + 2) s=— 4 

f (f) = [e“* + 5e -2 * + 2e' 4t ]M(f) 



Problems 12-21 


ri , . K\ K 2 K, K 4 

[b] F(s) + — + — + — 


_ 8s 3 + 89s 2 + 311s + 300 
(s + 2)(s + 3)(s + 5) 5=0 

_ 8s 3 + 89s 2 + 311s + 300 

s(s + 3)(s + 5) s =—2 

_ 8s 3 + 89s 2 + 311s + 300 

s(s + 2)(s + 5) s=— 3 

_ 8s 3 + 89s 2 + 311s + 300 
4 “ s(s + 2)(s + 3) s=— 5 _ 

f(t) = [10 + 5e" 2 * - 8e~ 3t + e~ 5t }u(t ) 

, . Jii Jl 2 AT* 

[c] F(s) = -1-1--- 

W s + 1 s + 2 - j s+ 2 +j 


IU = 


K» = 


Ka = 


A\ = 


IU = 


22 s 2 + 60s + 58 
s 2 + 4s + 5 

22s 2 + 60s + 58 


(s + l)(s + 2 + j) I s=—2+j 
f(t ) = [10e _< + 20e~ 2t cos(t + 53.13°)]-u(t) 

[d] F(a) = ^ + X* . + — 

s s + 7 — j s + 7 + j 


= 6 + j 8 = 10 /53.13° 


ft = 250(s + 7)(s + 14) = 49Q 

s 2 + 14s + 50 , 5=0 

ft = 250(, + 7) ft + 14) = 125 ^ 

s(s + 7 + j) s=-7+j 

f(t ) = [490 + 250e _7t cos(t - 163.74°)]w(t) 


= 490 

= 125/- 163.74° 


P 12.38 [a] A(s) = ^ 

s 2 s s + 5 


K\ = 


A4 = 


s + 5 | s= o 


d 

-100 ' 

-100 

ds 

.s + 5. 

(s + 5 ) 2 


= -4 


A';( = 


^ I s = —5 


f{t) = [20t — 4 + 4e 5t ]u(t ) 
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[b] F(s) = 
K\ = 

Ko = 


s (s + l) 2 s + 1 


K-2 IQ 


50(s + 5) 
(s + 1) 2 

50(s + 5) 


= 250 


s=0 


= -200 


S=— 1 


K a = — 


d 

"50(s + 5)" 


'50 50(s + 5)' 

ds 

s 


s s 2 


= -250 


s=-l 


f(t) = [250 - 200/e - * - 250e“>(Z) 
[c] F(s) 


K] K 2 

—- -\ - - + 

„2 ' ' 


IQ 


- + 


IQ 


K\ = 


s* s s + 3 — j s + 3 + j 

100(s + 3) 


s 2 + 6s + 10 


= 30 


s=0 


Ko = — 


d 

ds 


100(s + 3) 
s 2 + 6s + 10 

100 


K 3 ~- 

m 

[d] F(s) 


_ 100(s + 3)(2s + 6) 
s 2 + 6s + 10 (s 2 + 6s + 10) 2 

100(s + 3) 


= 10-18 


s=0 


»=—3 +j 
-3 t 


= 4 + j3 = 5 /36.87° 


s 2 (s + 3 + j) 

= [30/ - 8 + 10e -3 * cos (t + 36.87°)]u(Z) 


IQ K> IQ 

z H---h 

1 / i \ o 1 


IQ = 


Ko = 


s (s + l) 3 (s + l) 2 s + 1 
= 20 


5(s + 2) 2 
(s + 1) 3 


s=0 


5(s + 2) 2 


= -5 


a=-l 


IQ = 


d 

'5(s + 2) 2 ' 


10(s + 2) 5(s + 2) 2 

ds 

s 


s s 2 

= -10-5 = - 

15 



s=— 1 


K = 


1 d 

2 ds 

1 

" 2 


10(s + 2) 5(s + 2) 2 


10 10(s + 2) 10(s + 2) 10(s + 2) 2 

s s 2 s 2 + s 3 


s=—1 



Problems 12-23 


= -(-10 - 10 - 10 - 10) = -20 
f(t) = [20 - 2.5t 2 e~ t - 15te -t - 20e -t ]«(i) 


[e] F(s) = — + 


k 2 k* k 3 k* 

+ , . J. .^ + . J . + 3 


Ki = 
K 2 = 


s (s + 2—j) 2 (s + 2+j ) 2 s + 2—j s + 2 — j 

400 


(s 2 + 4s + 5) 2 
400 

s(s + 2 + j) 2 


= 16 


•s—0 


s=-2+j 


= 44.72 /26.57° 


K = ± 

3 ds 


400 


s(s + 2 + j) 2 


-400 


+ 


-800 


s=-2+j 


s 2 (s + 2 + j) 2 s(s + 2 + j) 3 
= 12 + j 16 - 20 + j'40 = -8 + j'56 = 56.57 /08.13° 
f(t) = [16 + 89.44te" 2t cos (t + 26.57°) + 113.14e" 2 * cos (t + 98.13°)]w(i) 


P 12.39 [a] 


F(s) = s 2 + 6s + 8 5s 2 + 38s + 80 

5s 2 + 30s + 40 


8s + 40 

. 8s + 40 K\ K ‘2 

F(s) = 5 + „ , T , „ = 5 + -A + 


K x = 
Iu = 


s 2 + 6s + 8 
8s + 40 


s + 2 s + 4 


s + 4 
8s + 40 


= 12 


s=-2 


= -4 


S + 2 Is=—4 
f(t) = 5 S(t) + [12e -2 * — Ae~ u ]u(t) 

[b] 10 

F(s) = s 2 + 48s + 625 10s 2 + 512s + 7186 

10s 2 + 480s + 6250 


F(s) = 10 + 
K x = 


32s + 936 
s 2 + 48s + 625 
32s + 936 


= 10 + 


32s + 936 
K\ 


- + 


K* 


s + 24 + j 7 
fit) = 105(t) + [40e _24t cos(7t - 36.87°)]w(t) 


s=—24+j'7 
— 24t 


s + 24—j'7 s + 24 + j7 
= 16 — jl2 = 20 /- 36.87° 
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s- 10 


F(s) = s 1 2 + 15s + 50 s 3 + 5s 2 - 50s - 100 

s 3 + 15s 2 + 50s 
-10s 2 - 100s - 100 
-10s 2 - 150s - 500 


50s + 400 


, . K\ K 2 

F(s = s - 10 +-i- +- 

s + 5 s + 10 


K\ = 


K, = 


50s + 400 
s + 10 
50s + 400 
s + 5 


fit) = S'it) — 10<5(t) + [30e 5< + 20e 10< ]w(£) 

P 12.40 [a] F(a) = ^ ^ + f 3 + f 

s 2 s s + 1—j2 s + l+j2 

Ki = MlTH =20 

s 2 + 2s + 5 s=o 


K, = — 


d I" 100(s + 1) 1 _ I" 100 100(s +l)(2s + 2) 

ds s 2 + 2s + 5 s 2 + 2s + 5 (s 2 + 2s + 5) 2 


= 20 - 8 = 12 


K, = 


100(s + 1) 


= -6+ j8 = 10 /126.87° 


S 2 (s + 1 + j'2) | a =— l+j'2 

f(t) = [20 1 + 12 + 20e _t cos(2t + 126.87°)]«(t) 

run rV \ *1 , ^ , ^3 , ^4 

[b] F[s) —-h - - —c + 7 - 777 H- 7 

s (s + 5) 3 (s + 5) 2 s + 5 


Ki = 


(s + 5) 3 s=0 


K, = 


= -100 


S I s = — 5 


k» = — 


d r500l -500 


ds [ s 


= -20 


S I s=—5 


k a = 


1 d r—5001 1 1000 


= -4 


2 ds L s 2 J 2 (s 3 ) [s=— 5 

f(t) = [4 - 50t 2 e _5t - 20te -5 * - 4 e~ 5t ]uit) 



Problems 12-25 


[c] F(s) 
K\ 
K 2 
k 3 - 


K \ K 2 K 3 K 4 

—- H---1---1-— 

s (s + l) 3 (s + l) 2 s + 1 


40(s + 2) 
(s + l ) 3 
40(s + 2) 


= 80 


5=0 


d 

S \s=- 

"40(s + 2)" 

i 

‘tu 

'40 40(s + 2)' 

ds 

s 


s s 2 


= _40 - 40 = -80 


S=— 1 


Ka = ~ — 


1 d 

2 ds 


'40 40(s + 2) 

s s 2 

-40 40 80(s + 2) 


s 2 s 2 


J s=-l 

f{t) = [80 - 20t 2 e“* - 80te"* - 80e"*]u(t) 
[d] F{s) 


= -(-40 -40 -80) = -80 


K\ I< 2 K, I< 4 K r> 

S (s + l) 4 (s + l) 3 (s + l) 2 s + 1 


(s + 5) s 

( S + l)^ 

(s + 5f 


K\ 

K 2 

k 3 
k, = 14 

2 ds 


= 25 


5=0 


= -16 


5 = — 1 


d 

\s + 5) 2 ' 


"2(s + 5) (s + 5) 2 " 

ds 

s 


s s 2 


5 = — 1 


- 16 = -24 

2(s + 5) (s + 5) 2 


2 2(s + 5) _ 2(s + 5) 2(s + 5) 2 

s s 2 s 2 s 3 


5 =— 1 


= -(-2 
2 v 


Kr, = - — 


1 d 
6 ds 


5 - 8 - 32) = -25 
2 2(s + 5) 2(s + 5) 2(s + 5) 2 


-2 2 4(s + 5) 2 4(s + 5) 4(s + 5) 6(s + 5) 2 

O O I ‘ J o I O I O A 


s 2 s 2 


S= — 1 


= -(-2 - 2 - 16 - 2 - 16 - 16 - 96) = -25 
6 


fit ) = [25 - (8/3)£ 3 e -t - 12iV* - 25ie -t - 25e -t ]u(t) 
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P 12.41 


P 12.42 


P 12.43 


m = £ 


-l 


K 


tt; + 


K* 


s + a — j/3 s + a + j/3 

= Ke-° :t e jfjt + K*e- at e~ j 
= \K\e~ at [e j0 e jpt + e~ je e- j/3t ] 

— \K\e~ at [C^ t+e ^ 4- e~ j( ' ,3t+e ' > ] 

= 2\K\e~ at cos {fit + 0) 

d n F(s ) 


[a] C{t n f(t)} = (-l) r 


ds r 


. 1 d n F(s) (— l) n n\ 

Let /(f) = 1, then F(s) = thus 


Therefore £{f n } = (— 1)' 


It follows that £{f^ r 1 - ) } = 


s 

"(—l) n n! 

s (n+l) 

(r — 1)! 


ds r 


;(n+l) 


n! 


?(«+!) 


and £{f (r - 1 )e- a *} = 


(r — 1)! 
(s + a) r 


Therefore , K ^. £{t r ~ 1 e~ at } = , — , = £ 


[b] /(f) = £ 


-i 


(r — 1)! 
Jl 


+ 


(s + ay 
K* 


j Kt r ~ 1 e~ at \ 

l (r-1)! J 


(s + a - j(5) r (s + a + jf3) 


Therefore 

Kt r ~ l 

m = 


(r — 1)! 

\K\tr-l e -ai 


TC*+r -1 

e -(ac-j/ 3 )t _j_g-(a+j£)i 


(r — 1)! 

2 |/l |f r_1 e _crt 
(r — 1)! 

[a] lim sV(s) = lim 


(r — 1)! 
e i e e^ t + e~^ e e~^ t 


cos ((It + 9) 

1.92s 3 


s 4 [l +(1.6 /s)+ (l/s 2 )][l +(1/s 2 )] 
Therefore n(0 + ) = 0 


= 0 


[b] No, V has a pair of poles on the imaginary axis. 



Problems 12-27 


r n . 8s 3 + 37s 2 + 32s 

P 12.44 [a] sF(s) =-—-—-- 

(s + l)(s + 2)(s + 4) 

limsF(s) = 0, / (oo) = 0 

s—>0 

lira sF(s) = 8, /(0 + ) = 8 

„ , \ 8s 3 + 89s 2 + 311s + 300 

[l >] SFl W = ( 3 + 2 )( s 2 + 8s + 15) 

limsF(s) = 10; /(oo) = 10 

s—>0 

lira sF(s) = 8, /(0 + ) = 8 

r n w , 22s 3 + 60s 2 + 58s 

[cl sF{s) = (s + l)(s 2 + 4s + 5) 

limsF(s) = 0, /(oo) = 0 

s—>0 

Jan sF(s) = 22, /(0 + ) = 22 

[d] sF(s) = 250(5+ 7)(S + 14) 

L J ' 1 J (s 2 + 14s + 50) 

limsF(s) = 25Q(/)(14) = 490, .'. /(oo) = 490 

s->o 50 

limsF(s) = 250, .'. /(0 + ) = 250 


P 12.45 [a] sF(s) = 


? (s + 5) 


F(s) has a secon 
theorem. 

lim sF(s) = 0, 


5 ~r o) 

second-order pole at the origin so we cannot use the final value 


[b] sF(s) = 


50(s + 5) 
(s + 1) 2 


limsF(s) = 250, 

s —>0 

lim sF(s) = 0, 

.s-Vno x 7 


/( 0 + ) = 0 


/(oo) = 250 
/( 0 + ) = 0 


r n . 100(s + 3) 

[C] 5 (S) “ s(s 2 + 6s + 10) 

F(s) has a second-order pole at the origin so we cannot use the final value 
theorem. 


lim sF(s) = 0, .'. /(0 + ) = 0 
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[d] sF{s) 


5(s + 2) 2 

(s + 1) 3 


lim sF(s) = 20, 

s->0 

lim sF(s) = 0, 

s —^OO 


[e] sF{s) 


400 

(s 2 + 4s + 5) 2 


/(oo) = 20 

/( 0 + ) = 0 


lim sF(s) = 16, 

s->0 

lim sF(s) = 0, 

s—yoo v 7 


/(oo) = 16 

/( 0 + ) = 0 


P 12.46 All of the F(s) functions referenced in this problem are improper rational functions, 
and thus the corresponding /(f) functions contain impulses (5(f)). Thus, neither the 
initial value theorem nor the final value theorem may be applied to these F(s) 
functions! 


P 12.47 sT 0 (s) 


sV dc /RC 

s 2 + (1 /RC)s + (1 /LC) 


lim sV 0 (s ) = 0, 

s^O 


Vo(o o) = 0 



Vo(0 + ) = 0 


V dc /RCL ) 

s 2 + (1 /RC)s + (1 /LC) 


lim sl 0 {s) 


V dc /RLC 
1 /LC 


Kic 

R ’ 


*o(oo) 


Kic 

R 


lim slJs) = 0, 

s—» OO 


i o (0 + ) = 0 


P 12.48 sVJs) = 


( hc/C)s 


s 2 + (1 /RC)s + (1 /LC) 
limsl/ 0 (s) = 0, .'. vJoo) = 0 

s—>- 0 

lim 51 / 0 ( 5 ) = 0, .'. n o (0 + ) = 0 

S —^OO 

s 2 / ( , 


slo( s) 


L dc 


s 2 + (1 /RC)s + (1/LC) 


lim 5 / 0 ( 5 ) = 0 , .'. i 0 (oo) = 0 

s —>0 


lim 5 / 0 ( 5 ) = / dc , v o (0 + ) = /< 


dc 



Problems 12-29 


P 12.49 [a] sF(s) = 


100(s + 1) 


s(s 2 + 2s + 5) 

F(s) has a second-order pole at the origin, so we cannot use the final value 
theorem here. 


lim sF(s) = 0, 

5—^OO V 7 

500 


[b] sF(s) = 


(s + 5) ; 


lim sF(s) = 4, 

s ->0 

lim sF(s) = 0, 

s—> oo 

lim sF(s) = 80, 

s ->0 

lim sF(s) = 0, 

[d] sF(s) = ( ' S + 5) " 
y J (s + l) 4 

lim sF(s) = 25, 

s ->0 


/( 0 + ) = 0 


/(oo) = 4 

/( 0 + ) = 0 


/(oo) = 80 

/( 0 + ) = 0 


P 12.50 sl 0 (s ) = 


lim sF(s) = 0, 

3 —yoo v 7 

I dc s[s + il/RC)] 


/(oo) = 25 

/( 0 + ) = 0 


s 2 4- (1 /RC)s + (1/LC) 


lim slJs ) = 0, 

.s—>0 


• * 0 (oo) = 0 


lmr s/ 0 (s) = / dc , i o (0 + ) = I dc 
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The Laplace Transform in Circuit 

Analysis 


Assessment Problems 


AP[a] y = I + J-+ s c = cis^ams+mc) 

R sL s 

RC = (500)(0.025) = 80,00 ° ; LC =25X 10? 


Therefore Y = 


25 x 10~ 9 (s 2 + 80,000s + 25 x 10 8 ) 


[b] -z 1>2 = -40,000 ± Vl6 x 10 8 - 25 x 10 8 = -40,000 ± j30,000 rad/s 
—Zi = —40,000 — j30,000 rad/s 
—z 2 = —40,000 + j30,000 rad/s 


—pi = 0 rad/s 


AP 13.2 [a] Z 


2000 + y 


2000 + 


4 x 10 7 s 

s 2 + 80,000s + 25 x 10 8 


_ 2000(s 2 + 10 5 s + 25 x 10 8 ) _ 2000(s + 50,000) 2 

“ s 2 + 80,000s + 25 x 10 8 “ s 2 + 80,000s + 25 x 10 8 

[b] —Zi = —^2 = —50,000 rad/s 


—pi = —40,000 — j30,000 rad/s 
— p 2 = —40,000 + j30,000 rad/s 


13-1 
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AP 13.3 [a] At t = 0 , 0.2v\ = 0.8v 2 ; v\ = 4-u 2 ; v\ + v 2 = 100V 

Therefore ui(0“) = 80 V = vi(0 + ); u 2 (0“) = 20 V = v 2 (0 + ) 



_ 80 5 x 10 6 /20 x 10" 3 \ _ 80 

1 “ ~s s \s + 1250 ) ~ s + 1250 

_ 20 1.25 x 10 6 /20 x 10" 3 \ _ 20 

2 “ ~s s \s + 1250 ) ~ s + 1250 

[b] i = 20 e~ 12mt u{t) mA; v x = 80 e~ 1250t u(t) V 
v 2 = 20e~ 1250t u(t) V 

AP 13.4 [a] 




Problems 13-3 


[b] I 


40 


K\ 


+ 


K* 


(s + 0.6 — j0.8)(s + 0.6 + j0.8) s + 0.6—jO.8 s + 0.6+j0.8 
40 


K } = -= - ? '25 = 25/- 90°; K* = 25/90 c 

jl.6 


i = 50e °' 6t cos(0.8f — 90°) = [50e 0M sm0.8t]u(t) A 

160s 160s 

s 2 + 1.2s + 1 “ (s + 0.6 -j0.8)(s +0.6 +j0.8) 

K\ , K* 


[c] V = sLI = 


+ 


K\ = 


s + 0.6 —jO.8 s + 0.6 + j0.8 

160(—0.6 + j0.8) . 

v J -L = 100 /36.87° 


3 1-6 

[d] v(t) = [200e-°- 6t cos(0.8t + 36.87°)]u(t)V 

AP13.5[a] 


15Q 
-VA— 


+ 


5/s(t) i/snjv 1 


V J 3 Q ©15+ 


The two node voltage equations are 

V', - t/ 5 V/, V/> - V7 V 2 - (15/s) 

- b Vis = - and — H-1-—-= 0 

s s 3 s 15 

Solving for V) and V 2 yields 

= 5(s + 3) = 2.5(a 2 + 6) 

1 s(s 2 + 2.5s + 1) ’ 2 s(s 2 + 2.5s + 1) 

[b] The partial fraction expansions of V\ and V 2 are 

15 125/6 25/3 


_ 15 _ 50/3 5/3 

1 s s + 0.5 s + 2 


It follows that 

Mt) = 


and Vo — - 


s + 0.5 + s + 2 




5 

3 f 


-0M + - e -2i and 


v 2 (t) = 


ir 125 05t 25 2t 

15- e~°' 5t H- e~ 2t 

6 3 


u(t)V 


50 5 

[c] m(0 + ) = 15 - — + - = 0 

, ,, 125 25 

u 2 0+ =15-—+ —= 2.5V 
6 3 



13-4 CHAPTER 13. The Laplace Transform in Circuit Analysis 


[d] i>i(oo) = 15V; V r 2 (oo) = 15V 

AP 13.6 |a] , /E n 

-- 


0 -2V 


5 a 

■ . + ■ - + ■ 


m 

-VA- 






With no load across terminals a-b, V x = 20/s: 

= 0 


1 

[20 1 


■ 

^20\ 1 

2 

-Vrh 

L s J 

s + 

1.2 ( 

-1 

£ 

1 

1 ^ 


therefore Vrh = 


20(s + 2.4) 


s(s + 2) 
2/s Q 


5Q l0 - 2V - 
-va—*-< - +, 
+ 

V 


in 

-vw- 




■4/ 

It 


l * 


V T 

V T = 3It and Z tv, = —— 


ov T 

i 


Solving for I T gives 

j {Vt- 5 I T )s 

lj. — -—-T Vt — o It 

Therefore 

14 I T = V T s — 5s I T + 2V T ] therefore Z Th 


[b] 




Th 


2Q 

-VA- 


v r) 

Th W 


i 5 n 


/ = 


-s- 

20(s + 2.4) 
Z^h + 2 + s s(s + 3)(s + 6) 


Vrh 


5(s + 2.8) 
s + 2 




Problems 13-5 


AP 13.7 [a] i ‘2 = 1.25e _t - 1.25e" 3 *; therefore = -1.25e“* + 3.75e“ 

rl-f- 


Therefore 


= 0 when 


1.25e _t = 3.75e _3t or e 2t = 3, t = 0.5(ln 3) = 549.31ms 
i 2 (max) = 1.25[e”°' 549 - e" 3(a549) ] = 481.13 mA 

[b] From Eqs. 13.68 and 13.69, we have 

A = 12(s 2 + 4s + 3) = 12(s + l)(s + 3) and = 60(s + 2 ) 

f T Ni 5(s + 2) 

Therefore 1\ — —— — 7 - —7 - —7 

A (s + l)(s + 3) 

A partial fraction expansion leads to the expression 
_ 2.5 2.5 

s + 1 s + 3 
Therefore we get 

i\ = 2.5[e _f + e~ 3t ]u(t ) A 

r dii , , dii (0.54931) . 

[c] = -2.5 e _t + 3e _3< ; u , - = -2.89 A/s 

dt L J ’ dt 1 

[d] When i 2 is at its peak value, 


dn (0.54931) 


= -2.89 A/s 


Therefore L 2 (^\ =0 and i 2 = - ( 


12 / \ dt 


—21—2.89') 

[e] i 2 (max) = — ~~ = 481.13 mA (Checks) 

AP 13.8 [a] The s-domain circuit with the voltage source acting alone is 
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,_ 200 _ 100/3 100/3 

(s + 2)(s + 8) s + 2 s + 8 

v' = —[e~ 2 t ^e- 8t ]u(t)V 
3 

[b] With the current source acting alone, 


w,- 

J + 

1.25s £ V" : 

: 20/s (1 

— 



V" V" Vs _ 5 
~2 + 1.25s + ~20~ “ s 


V" = 


100 _ 50/3 _ 50/3 

(s + 2)(s + 8) s + 2 s + 8 

50 r / « \ "w tt 


v" = y [e- 2 -e->(t)V 


[c] V = v + v" = [50e" 2i - 50 e~ 8t ]u(t) V 
AP 13.9 [a] V ° + — = I g - therefore — = IIis) = , 10( ' S + 2) 

LJ io in 9’ t v > „2 i i i 


s + 2 10 Ig w s 2 + 2s + 10 

[b] —Zi = —2 rad/s; —p\ = —1 + j 3 rad/s; — p 2 = —1 — j 3 rad/s 

AP 13.10 [a] V 0 = , 10(/S + 2) • 1 = — +-—-+-^- 

s 2 + 2s + 10 s s s + 1 — j3 s + l+j3 

K 0 = 2; Ki = (5/3) /- 126.87° ; K{ = (5/3) /126.87° 

= [2 + (10/3)e" f cos(3f - 126.87 0 )]-u(f) V 

rhi v = + ^ i = — + — 

11 ° s 2 + 2s +10 ' S + 1-J3 S + 1+J3 

K 2 = 5.27 /- 18.43° ; K* = 5.27 A8.43 0 
v 0 = [10.54e _t cos(3f - 18.43°)]u(t) V 
AP 13.11 [a] H(s) = C{h(t)} = C{v 0 (t)} 

v 0 (t ) = 10,000 cos 9e~ 70t cos 240f — 10,000 sin 9e~ 70t sin 240f 
= 9600e _70t cos 240f - 2800e" 7w sin 240f 




Problems 13-7 


Therefore H(s) 


9600(s + 70) 2800(240) 

(s + 70) 2 + (240) 2 ~~ (s + 70) 2 + (240) 2 


9600s 

s 2 + 140s + 62,500 


[b] V 0 (s) = H(s)- 


9600 

s 2 + 140s + 62,500 

Ki | Ki 
s + 70 - j240 s + 70 + j'240 


9600 

j480 


-j20 = 20 /-90° 


Therefore 

v a (t) = [40e _70t cos(240f — 90°)]w(f) V = [40e _7lM siii240t]u(t) V 


AP 13.12 From Assessment Problem 13.9: 


H(s) 


10 (s + 2) 
s 2 + 2s + 10 


Therefore H(j 4) 


10(2+J4) 
10 - 16 + j8 


4.47 /- 63.43° 


Thus, 


v 0 = (10) (4.47) cos(4f - 63.43°) = 44.7cos(4t - 63.43°) V 


AP 13.13 [a] Let R { = lOkfl, R 2 = 50kfi, C = 400 pF, R 2 C = 2 x 10 

V g R 2 


-5 


then V\ — V 2 — 


R 2 + (1/ sC) 


Also + = 0 
i?i r 4 

therefore V 0 — 2V\ — V g 
Now solving for V 0 /V gi we get H (s) = 

It follows that 77(j50,000) = | = jl = 1 /90° 

Therefore v Q = 10 cos(50.000/ + 90°) V 


R 2 Cs — 1 
R- 2 Cs + 1 
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[b] Replacing R 2 by R x gives us H(s) 
Therefore 


R x Cs — 1 
R x Cs + 1 


H(j 50,000) 


j20 x 10~ 6 R X - 1 
j20 x 10 ~ 6 R X + 1 


Rx + j’50,000 
R x - j'50,000 


Thus, 

50 ’ 00 ° = tan 60° = 1.7321, R x = 28,867.51 Q 



Problems 13-9 


Problems 


P 13.1 I SCab = I N =Z N = sL 

Therefore, the Norton equivalent is the same as the circuit in Fig. 13.4. 

P 13.2 i — — [ vdr + J 0 ; therefore / = (—'\ (—^ +—=—+— 
L Jo- \LJ \ s J s sL s 

P 13.3 Iti, = Kb = CV„ (O) = z Th _ _L 

P 13.4 [a] Z = R + sL+ J- = L l S l±WP^l^ 

sC s 


0.0025[s 2 + 16 x 10 7 s + 10 10 
s 

[b] Zeros at —62.5 rad/s and —1.6 x 10 8 rad/s 
Pole at 0. 

P 13.5 [a]v . >> +sC = 5!i(WM 

R sL s 

v _ 1 _ s/C _ 4 x 10 6 s 

~Y~ s 2 + (1 /RC)s + (1/LC) ~ s 2 + 2000s + 64 x 10 4 

[b] zero at — z\ = 0 

poles at —pi = —400 rad/s and — p 2 = —1600 rad/s 


P 13.6 [a] 


;; 

iR 



■ sL 

z 1/sC 

(f? + s. 

L)(l/sC) _ (1/(7)(s + R/L) 

R + sL + (l/sC) s 2 + (R/L)s + (l/LC) 


R 

L 


250 

008 


3125; 


1 

LC 


- ---— = 25 x 10 

(0.08)(0.5 x 10- 6 ) 


2 x 10 6 (s + 3125) 
s 2 + 3125s + 25 x 10 6 
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[bl z = _ 2 x 10 6 (s + 3125) _ 

1 J (s + 1562.5 -j4749.6)(s + 1562.5 +j'4749.6) 

-Z! = -3125 rad/s; - Pl = -1562.5 + j4749.6 rad/s 

— P 2 = —1562.5 — j4749.6 rad/s 

P 13.7 Transform the Y-connection of the two resistors and the capacitor into the equivalent 
delta-connection: 



Z “- Ifs 8 + 2 


Zb — Z c — 


(!/«)(!) + (l)(l/s) + (l)(l) -s + 2 


Then 


Z ab = Z a \\[(s\\Z c ) + (s\\Z h )] = Z a ||2(s||Z b ) 


s\\Z h = 


s + 2 


s(s + 2) 
s + (s + 2) /s s 2 + s + 2 


Zab ~ (s + 


2 s(s + 2) 


2 s(s + 2 y 


s 2 + s + 2 (s + 2)(s 2 + s + 2) + 2s(s + 2) 
2 s(s + 2) 2s 


s 2 + 3s + 2 s + 1 


One zero at the origin (0 rad/s); one pole at —1 rad/s. 

P 13.8 Z, = - + s||4 = - + -E- = 

s s s + 4 s(s + 4) 


Zab = 4|| 


4(s 2 + 4s + 16) 16 (s 2 + 4s + 16) 


s(s + 4) 


8 s 2 + 32s + 64 



Problems 13-11 


P 13.9 


2(s 2 + 4s + 16) _ 2(s + 2 + j'3.46)(s + 2 - j3.46) 
s 2 + 4s + 8 (s + 2 + j2) (s + 2 — j2) 


Zeros at —2 + j3.46 rad/s and —2 — j3.46 rad/s; poles at —2 + j 2 rad/s and —2 — j 2 
rad/s. 


[a] For t > 0: 


50 0 0fi 


1 fix ID 



-VA- 


+ 

= : 9. 375xl0 5 Q 

b 






-It- YA — 

lfixlO 5 sooon 

s 


+ 

v 0 ^2 -5s 


[b] V a = 


2.5 s 


(16 x 10 5 )/s + 5000 + 2.5s 
-150s 

“ s 2 + 2000s + 64 x 10 4 
-150s 

” (s + 400) (s + 1600) 

[C] Vo = —+ K ‘ 2 


-150 


Ai = 
IC 2 = 
V n = 


s + 400 s + 1600 
150s 


s + 1600 

-150s 
s + 400 


= 50 


s=-400 


= -200 


50 


s=—1600 

200 


s + 400 s + 1600 


v 0 (t) = (50e _400i - 200e“ 16 ° ot )M(t) V 
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P 13.10 [a] Fort < 0: 



Vl = (9) (5.33) = 48 V 
48 

i L (0“ = — =2.4A 
v ; 20 

(O’) = — Vi = —48 V 
For t = 0 + : 



where 


R = 2012; C — 6.25 /vF; 7 = -48V; 
L = 6.4 mH; and p = — 2.4 A 

[b] ^ + V 0 sC - yC + ^ - P - = 0 
K sL s 

. y = 7[g + (phC)\ 

" ° s 2 + (1 /RC)s + (1/LC) 

p _ -2.4 

7 C ~ (—48)(6.25 x 10" 6 ) 


8000 



Problems 13-13 
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25v o (0~) = 10,000 v o (0~) = 400 V 


h( 0~) 


Vo(0 ) 
25 


400 

~25~ 


16 A 


For t > 0 : 



K + 400 V 0 K~ (400/s) _ 

25 + 25s + 100 + 100/s 

T / 1 1 s \ 400 

V25 + 255 100 100 J 25 + 255 

. _ 400(s — 3) 

° s 2 + 2s + 5 

_V 0 - (400/s) _ -20s - 20 
° “ 100/s “ s 2 + 2s + 5 


K i 


+ 


K* 


s + 1 — j2 s + 1 + j2 


—20(s + 1) 
s + l+j2 


= -10 


8=-l+j2 


i D (t) = [—:20e t cos2t]u(t) A 



Problems 


13-15 


P 13.12 [a] Fort < 0: 


16|J.F 



2 4[iF 


10 |iF 


40fiF 


+ 

v„ 


^2 


10 

10 + 40 


(450) = 90 V 


For t > 0: 


5 



3 60/s(T) 


25x10= 

s 

90/sQ 


+ 

V 2 


1.25xl0“ 3 sfi 


+ 

Vi 


i 25n 


, _ 25(450/s) 

1 “ (125,000/s) + 25 + 1.25 x 10" 3 s 

9 x 10 6 _ 9 x 10 6 

“ s 2 + 20, 000s + 10 8 “ (s + 10,000) 2 

Vl (t) = (9 x 10 6 te" 10 ’ 00W )w(t)V 

^ _ 90 (25,000/s) (450/s) 

2 “ ~s ~~ (125,000/s) + 1.25 x 10~ 3 s + 25 


90(s + 20,000) 

~~ s 2 + 20,000s + 10 8 

900,000 90 

“ (s + 10,000) 2 + s + 10,000 

v 2 (t) = [9 x 10 5 te” 10 ’ 000t + 90e _1 °’ ooot ]-u(t) V 
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P 13.13 [a] For t < 0: 



-100 


-100 


4 + 10||40 + 8 20 


= -5 A 


tL(O-) = 

10 , 

~ 50 5 ~ 1A 

tv 10 j = 10(1) + 4(5) - 100 = -70 V 
For t > 0: 




70 

[b] (20 + 2s + 100/s)/ = 10 + — 

s 



Qiov 


/ = 


5(s + 7) 
s 2 + 10s + 50 


V„ = —/ - — 

S S 


-70s 2 - 200s —70(s + 20/7) 


s(s 2 + 10s + 50) s 2 + 10s + 50 


IC 


— + 


K\ 


K\ = 


s + 5 — j5 s + 5 + j5 
—70(s + 20/7) 


s + 5 + j5 


s=—5+j5 


= 38.1 /- 156.8° 


[c] v 0 (t) = 76.2e~ 5t cos(5 1 - 156.8 °)u(t) V 




Problems 13-17 


P 13.14 [a] 0 ) = 4(0 + ) = — = 8 A directed upward 

o 


5.625s ©0/3 isn 


V 


-<+ ->-. 

+ ^251^ 

v T i o /s n = 

ip \ / 

S 20Q 

25-4 + 

20(10/s) 

j. _ 25/ t (10/s) 

20 + (10/s)_ 

T 20 +(10/s) 


+ 


10 + 20s/ ' 


V T _ _ 250 + 200 _ 45 

It 20s 4" 10 2s + 1 

14 14 ( 2 s + 1) 14 _ 8 

~5~ + 45 + 5.625s “ s 

[9s + (2s + l)s + 8]14 _ 8 
45s s 

14 [2s 2 + 10s + 8] = 360 

^ _ 360 _ 180 
° “ 2s 2 + 10s + 8 “ s 2 + 5s + 4 


[b] 14 


180 

(s + l)(s + 4) 


Ki | K 2 
s + 1 s + 4 


K\ 

V 0 


180 

IT 

60 


60; 

60 


K 2 


s + 1 s + 4 


180 

yi" 


-60 


v 0 (t) = [60e _t - 60 e~ At }u(t) V 
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P 13.15 [a] 


250 


2Q 


>n 


n 



V Q — 35/s 


+ 0.414 + 


Vo ~ 81 <p 
s + (250/s) 


= 0 


14 = 


V 0 — 8 Ia, 




s + (250/s)_ 

Solving for V Q yields: 

29.4s 2 + 56s + 1750 
° s(s 2 + 2s + 50) 


h = 


(35/s) - V 0 


Ki 


V 0 =— + 

Ki = 




+ 


29.4s 2 + 56s + 1750 
s(s + 1 — j7)(s + 1 + j7) 

K* 


s s + 1 — j7 s 
29.4s 2 + 56s + 1750 


K, = 


s 2 + 2s + 50 

29.4s 2 + 56s + 1750 
s(s + 1 + j7) 


= 35 


s=0 


s=-l+j7 


= -2.8 + j0.6 = 2.86 /167.91° 

.-. v 0 (t) = [35 + 5.73e _ * cos(7f + 167.91°)]u(t) V 
[b] At t = 0+ v 0 = 35 + 5.73 cos(167.91°) = 29.4 V 


2Q 



v — 35 

^-b 0.4r^A = 0; v 0 — 35 + 0.8r?A = 0 


v 0 = va + 84 = va + 8(0.4n A ) = 3.2va 
XV + (0.8)4 = 35; 


n o (0 + ) = 29.4 V(Checks) 



Problems 13-19 


At t = oo, the circuit is 



va — 0, i<f, = 0 .'. v 0 — 35V(Checks) 


P 13.16 [a] Fort < 0: 



V c - 50 V c V c - 137.5 

—-+ + —-= 0 

400 1200 500 

/ 1 1 1 \ _ 50 137.5 

Kc V400 + 1200 + 500/ _ 400 + 500 

V c = 75Y 

For t > 0: 
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I 


100 + 


5 x 10 5 


+ 0.01s 


62.5 , 

-+ 1.25 x 10" 3 

s 


6250 +0.125s 
“ s 2 + 10 4 s + 5 x 10 7 

5 x 10 5 / 6250 + 0.125s \ 75 

s Vs 2 + 10 4 s + 5 x 10 7 / s 

_ 75s 2 + 812,500s + 6875 x 10 6 
s(s 2 + 10 4 s + 5 x 10 7 ) 


[c] Vo 


k x i k 2 i iq 
~7 + s + 5000 - 75000 + s + 5000 + j5000 


K\ 

I<2 


75s 2 + 812,500s + 6875 x 10 6 
s 2 + 10 4 s + 5 x 10 7 

75s 2 + 812,500s + 6875 x 10 6 
s(s + 5000 + j'5000) 


= 137.5 

s=0 

= 40.02A41.34 0 

s=—5000+^5000 


v 0 (t) = [137.5 + 80.04e _50 ° ot cos(5000t + 141.34°)]u(t) V 


P 13.17 



5 x 10” 3 
s 


Vo 

200 + 4 x 10 6 /s 


+ 3.75 x lO" 3 l/ 0 + 


Vo 

0.04s 




4 x 10 6 /s 
200 + 4 x lOVs^ 0 


4 x l0 6 V o 
200s + 4 x 10 6 


5 x 10" 3 
s 


V 0 s 15,00014 2514 

200s + 4 x 10 6 + 200s + 4 x 10 6 + 


20,000 


V ° s 2 + 20,000s + 10 8 


Ki 


+ 


K, 


(s + 10,000) 2 s +10,000 


K x = 10,000; K 2 = 1 

_ 10,000 1 
° “ (s + 10,000) 2 + s + 10,000 

v 0 (t) = [10,OOOte _1 °’ ooot + e" 10 ’ 000t ]M(t) V 



Problems 


13-21 


P 13.18 v o (0~) = v 0 ( 0 + ) = 0 


lkf/3 

•1-8 

2-50 \ 

: 1D 7 - 

+ 21i| 

jK 

Vo \ 


0-05 Vp Vq _ Vq , K _ q 

s 1000 25 1000 10 7 /s ““ 


Vo 


( 20 s \ _ 0.05 

VlOOO + WJ ~ ~1T 

500,000 


v„ = 


2.5 


2.5 


s(s + 200,000) s s + 200,000 
v 0 (t) = [2.5 - 2.5e- 200 ’ 000t ]u(t) V 
20 

P 13.19 [a] i o (0“) =-= 5 mA 

v ; 4000 


20/sQ 



+ 


V 

0 


20/s + Lp 
R + sL + 1 j sC 

20 /L + sp _ 40 + s(0.005) 

” s 2 + sR/L + 1/LC ~ s 2 + 8000s + 16 x 10 6 


V 0 = -Lp + sLI 0 = -0.0025 + 


0.0025s(s + 8000) 
s 2 4- 8000s 4- 1 fi x 10 6 


-40,000 
(s + 4000) 2 


Vo (t) = -40,OOOte" 4000t w(t) V 
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0.005(s + 8000) 

° “ s 2 + 8000s + 16 x 10 6 

Ki K 2 

” (s + 4000) 2 + s + 4000 

K\ = 20 K 2 = 0.005 

i 0 (t) = [20te"“ + 0.005e~ 4 ° oot ]M(t) A 


P 13.20 


-VW - 

-• 

ii2on o - ssn 

+ 

) 

: 5x1 tf/s n V 


-• 


5 x 10 6 /s /240\ 

° “ 1120 +0.8s+ 5 x 10 6 /s ) 

12 x 10 8 

“ s(0.8s 2 + 1120s+ 5 x 10 6 ) 

15 x 10 8 

~~ s(s 2 + 1400s + 625 x 10 4 ) 

_ Kx K 2 K* 

“ V + s + 700 - 72400 + s + 700 + j2400 

Ki = 240; K 2 = 125 /163.74° 

v 0 (t) = [240 + 250e _700t cos(2400t + 163.74°)]w(t) V 

P 13.21 


240/s (+) 


-V —- 


ii2on o.ssn + 


!) v 

: 5x10 6 /sH ^ 

- 



14. 


V D — 240/s V 0 s 
1120 +0.8s + 5 x 10 6 


+ 14.4 x 10" 6 


0 


4x10 



Problems 


13-23 


V„ 


+ 


1120 +0.8s 5 x10V 0.8s+ 1120 


240/s 


- 14.4 x 10" 6 


-72s 2 - 100,800s + 15 x 10 8 
s(s 2 + 1400s + 625 x 10 4 ) 


240 | 162.5 /163.74° | 162.5 /- 163.74° 

T~ + s + 700 - 72400 + s + 700 + j2400 

v a (t) = [240 + 325e" 70W cos(2400t + 163.74°)]w(i) V 


P 13.22 [a] 




-VA-- 



3 3 i[ 

R 

: i/sc = 

+ 

s 


V 

< 




- 



-fY-v-y--,-'Wv- 1 

3L R 

+ 

LI ,C 

/) 1/3C = 

V 

1 


V„ = 


(1 /sC)(LI g ) _ 

R+ sL + (1/sC) s 2 + (R/L)s + (l/LC) 


ijc 


I a 15 

c ~ oi ~ 150 


R 


= 7 ; 


LC 
150 


= 10 


V ° s 2 + 7s + 10 


[b] sV 0 = 


150s 


s 2 + 7s + 10 


[C] Vo = 


lim sV 0 = 0; 

s —>0 

lim sV 0 = 0; 

s —^OO 

150 


v 0 (oo) = 0 
v o (0 + ) = 0 


50 -50 

+ 


(s + 2)(s + 5) s + 2 s + 5 
= [50e _2t - 50 e~ 5t ]u(t) V 


v. 
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P 13.23 I L — — — TT~rt — — — sCV 0 
s 1/sC s 

15 _ 15s _ 15 _ T -10 25 ■ 

L s (s + 2)(s + 5) s .s + 2 s + 5. 

il{1) = [15 + 10e _2t — 25 e~ 5t ]u(t) A 

Check: 

*l( 0 + ) = 0 (ok); i L { oo) = 15 (ok) 


P 13.24 [a] 


[b] I 



2500 + (125,000/s) s + 50 


(100,000/s)(25/s) _ 1000 

2500 + (125,000/s) “ s(s + 50) 


_ (25,000/s)(25/s) _ 250 

2 “ 2500 + (125,000/s) “ s(s + 50) 

[c] hit) = We~ 50t u(t) mA 

= !.,(*) = (20-20e- 50 ‘)«(t)V 

s s + 50 

^2 = 5 - —••• v 2 (t) = (5 - 5 e~ 50t )u(t) V 

s s + 50 

[d] ii(0 + ) = 10 mA 

25 

a( 0 + ) = 2 5 x 10~ 3 = 10mA ( Checks ) 


Vi(0 + ) = 0; z >2 (0^~) = O(Checks) 

Vi(oo) = 20 V; v 2 (oo) = 5V(Checks) 



Problems 


i’i(oo) + v 2 (oo) = 25 V(Checks) 

(10 x 10" 6 )vi(oo) = 200 fiC 

(40 x 10" 6 )v 2 (oo) = 200 /xC(Checks) 


P 13.25 [a] 


50 

(s+25) 



100||5s = 


500s 


100 s 


5s + 100 s + 20 


V 0 = 


In = 


100 s 
s + 20 

K_ 

100 


50 


(s + 25) 2 
50s 


5000s 


(s + 20)(s + 25) s 




(s +20) (s + 25) 2 
1000 


5s (s + 20)(s + 25) 2 

rhi Kl , K ' 2 , 

1 J ° s + 20 (s + 25) 2 s + 25 


Ki = 
K 2 = 

IU = 


5000s 
> + 25) 2 

5000s 
[s + 20) 


= -4000 


s =-20 


s =—25 


= 25,000 


d 

- 5000s' 


' 5000 

5000s 

ds 

.s + 20. 

s =—25 

s + 20 

(s + 20) 2 _ 


= 4000 


s=~ 25 


v 0 (t) = [—4000e _20t + 25,000te -25 * + 4000e" 25t ]w(t) V 
K\ 


; K 2 K, 

° ~ s + 20 + (s + 25) 2 + s + 25 


K\ = 
K 2 = 


50s 


> + 25) 2 
50s 

[s + 20) 


= -40 


s =—20 


= 250 


s =-25 


d 

- 50s ' 


50 

50s 

ds 

.s + 20. 

s =—25 

s + 20 

(s + 20) 2 _ 


= 40 


J s =—25 


13-25 
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P 13.26 


i 0 (t) = [—40e —20t + 250 te~ 25t + 40 e~ 25t ]u(t) V 

/ K > K2 K > 

L s + 20 + (s + 25) 2 + s + 25 


Ki 


1000 

(s + 25) 2 


= 40 

s =—20 


k 2 


1000 
(s + 20) 


= -200 

s=—25 


d 

- 1000 ' 


1000 

ds 

.s + 20. 

s=- 25 

(s + 20) 2 _ 


—40 


i L (t) = [40e _2Ot - 200fe _25t - 40 e~ 25t ]u(t) V 



— — (s + l)/l — sl 2 
s 

0 = — si\ + ^s + 1 + — ^ I 2 

In standard form, 

s(s + l)/i — s 2 I 2 = 10 


— S 2 h + (s 2 + s + 1)^2 — o 


s(s + l) -s 2 
-s 2 (s 2 + s + 1) 


2s(s 2 + S + 0.5) 


iVi = 


10 — s 2 

0 (s 2 + s + 1) 


10 (s 2 + s + 1) 


N 2 


s(s + l) 10 
— s 2 0 


10 s 2 



Problems 13-27 


N i, T _ n 2 _ 

A ’ 2 A ’ 

r N\ - N 2 


A s(s 2 + s + 0.5) 

_ K\ , k 2 i a:* 

"7" + s + 0.5 — j0.5 + s + 0.5 + j0.5 

A", = — = 10 

1 n r 


Io = h- h 
5(s + 1) 


5(-0.5 + ,0.5 + 1) 

^ / rv r i *rv r \ / •-i \ L _ 


(—0.5 + j0.5)(jl) 


i 0 (t) = [10 — lOe cos0.5t]-u(t) A 


P 13.27 [a] 



—75 5 

-= -(/ 2 — ii) + 5(/ 2 — 

s s 

or 

(s 2 + 4s + 2)h - 2J 2 = 6s 
—I\ + (s + 1 )/ 2 = —9 

(s 2 + 4s + 2) -2 

A = 

-1 (s + 1) 


6 /s) 


— s(s + 2)(s + 3) 
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Ni = 

h = 

N 2 = 


6 s -2 


6 (s 2 + s - 3) 


|-9 (s + l)\ 

Ni 6(s 2 + s — 3) 
A s(s + 2)(s + 3) 


(s 2 + 4s + 2) 6s 

-1 -9 


-9s 2 - 30s - 18 


N 2 _ -9s 2 - 30s - 18 
A s(s + 2)(s + 3) 


[b] sh 


6 (s 2 + s — 3) 
(s + 2) (s + 3) 


lim sh = ii(0 + ) = 6 A; 

s—yoo v 7 


lims/i = ii(oo) = — 3 A 


r -9s 2 - 30s - 18 

SI o — —7-—-r— 

(s + 2) (s + 3) 

lim sL 2 = i 2 (0 + ) = —9 A; lims/ 2 = i 2 (oo) = — 3 A 


[c] h = 


6 (s 2 + s — 3) 
s(s + 2) (s + 3) 


K1 K 2 K :i 

— + —— + —— 
s s + 2 s + 3 


K\ 


6 (~ 3 ) 
6 


- 3 ; 


K 2 


6(4 - 2 - 3) 

' (- 2 )( 1 ) 


3 


6(9-3-3) 

(- 3 )(— 1 ) 


6 


ii(t) = [—3 -t- 3e 2t + 6e 3t ]u(t) A 

T —9s 2 — 30s — 18 K\ K 2 K 3 
s(s + 2)(s + 3) s s + 2 s + 3 


K x 



K 2 


-36 + 60 - 18 

(- 2 )( 1 ) 


-81 + 90- 18 _ o 
3 “ ( 3) ( 1) " " 


i 2 (t) = [-3 - 3e _2t - 3 e~ 3t }u(t) A 



Problems 13-29 


P 13.28 [a] 


45/s Q 



0.3650 


— 2/i — 1-2 — h 


0 — —I\ + ^2 + — J I 2 — I 3 
0 = — 1\ — I 2 + (2 + 0 . 36 s )/3 


A= -1 (2s + 45)/s -1 

-1 -1 (0.36s+ 2) 


1.08(s + 5)(s + 25) 


N 2 = -1 0 


2 (54/s) -1 

162 

-1 0 -1 =- 0 . 12 s + 1 

s 


-1 0 (0.36s+ 2) 


2 -1 (54/s) 

162 

N 3 = -l(2s + 45)/s 0 =^-(s + 15) 


_ N 2 _ 150(0.12s + 1) 

2 “ X “ (s + 5)(s + 25) 

45 _ 6750(0.12s + 1) 

0 s 2 s(s + 5)(s + 25) 

j _ /V 3 _ 150(s + 15) = 

3 A s(s + 5)(s + 25) 

run t / Kl , K 2 , K3 

[b] K - V + JTs + JT25 

* = «™ = 54; = 675Q (~°- 6 + *) 

125 ’ (—5)(20) 
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6750(—3 + 1) 
(-25)(-20) 


—27 


v 0 (t) = [54 - 27e~ 5t - 27e~ 25t }u(t) V 

K x K 2 K> 

— + —— + -— 

s s + 5 s + 25 


150(15) 150(10) 

1 (5)(25) ’ 2 (-5)(20) ■ 


150(—10) _ 

3 (—25)(—20) 

i 0 (t) = [18 — 15e~ 5 * — 3e~ 25t }u(t) A 


[c] At t = 0 + the circuit is 



Both v 0 and i„ are zero, which agrees with our solutions in part (a). 
At t = oo the circuit is 



Our solutions predict v 0 (oo) = 54 V and i 0 (oo) = 18 A. 

Also observe from the circuit at t = 0 + that the voltage across the inductor is 
54 V. Our solution predicts 

di i0 + ) 

Vi (0 + ) = 0.36—^—- = 0.36(75 + 75) = 54 V 

LLL 

At t = 0 + the current in the capacitive branch is (1/2) (54/1.5) = 18 A. From 
our solution we have 

si 2 = + an( j ij m s j 2 — i 2 (0 + ) = 150(0.12) = 18 A 

(1 + 5/s)(l + 25/s) *-►«> v 



Problems 13-31 


P 13.29 [a] 



120 

s 

120 

s 


250 


50(7, - 0.05X4) +- (h-h) 


rn T /250\ 250 r 250 r 

50/i — 2.5 (-) {1 2 — I\) H- h - h ; 

Vs/ s s 


0 

0 


250 


- (/2 — h) + 20s(/2 — 0.05 V^,) + 700/2 


s 

250 


(I 2 ~~ Tl) + 20 s 


I-, - 0.05 y 


/250\ 


) (h - 7i) V+) + 700/2 


Simplifying, 

(50s + 875)/! - 875/ 2 = 120 

250(s - l)/i + (20s 2 + 450s + 250 )I 2 = 0 


(50s + 875) -875 

250(s - 1) (20s 2 + 450s + 250) 


1000s(s 2 + 40s + 625) 


N 1 = 


120 -875 

0 (20s 2 + 450s + 250) 


1200(2s 2 + 45s + 25) 


N 2 


(50s + 875) 120 
250(s - 1) 0 


—30,000(s - 1) 


Nx _ 1.2(2s 2 + 45s + 25) 
X ““ s(s 2 + 40s + 625) 


N 2 _ —30(s - 1) 

A “ s(s 2 + 40s + 625) 


/ 0 — I 2 — 0 . 051/0 


I 2 - 0.05 




—2.4s(s + 35) 
s(s 2 + 40s + 625) 
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250 

s 


(h 


h) 


—600(s + 35) 
s(s 2 + 40s + 625) 


[b] sl 0 


_ —30(s — 1) 30(s + 35) 

° “ s(s 2 + 40 s + 625) + s(s 2 + 40s + 625) 

1080 

(s 2 + 40s + 625) 


4 (0+) = lim sl 0 = 0 

s—t oo 


4( oo) = lim sl 0 = -= 1728 mA 

625 

[c] At t = 0 + the circuit is 


1080 

s(s 2 + 40s + 625) 


120 v 


lu 

son 

) 

+ 



7 Q 0 L® 


io(0 + ) = 0 (Checks) 
At t = oo the circuit is 


0.05V 


120 v 



TOOL! 


120 = 50(4-4) + 700i a 

= 50(4 — 0.05u^) + 7004 = 7504 — 2.5u^ 
v<f, = -7004 120 = 7504 + 17504 = 25004 




120 

2500 


48 mA 


v<p = —7004 = —33.60 V 
4(oo) = 48 x 10" 3 - 0.05(—33.60) 


48 x 10" 3 + 1.68 


1728 mA (Checks) 



Problems 13-33 


[d] I 0 


1080 


= * + 


Ko 


+ 


K* 


s(s 2 + 40s + 625) s s + 20 — jib s + 20 + j'15 


* = ““ = 1.728 
625 


Ko = 


1080 


= 1.44 /126.87° 


-20 + jl5)(j30) 
i 0 (t) = [1728 + 2880e _2W cos(15t + 126.87°)]u(t) mA 
Check: i o (0 + ) = 0 mA; i Q ( oo) = 1728 mA 

P 13.30 [a] 30Q 



10 

-5 14-14 V 0 - 50 /s _ 

s + As + 30 

Simplifying, 

(4s 2 + 10s + 25)Ci - 2514 = 200s 
-1514 + (2s + 15)14 = 400 

(4s 2 + 10s + 25) -25 

-15 (2s+ 15) 


A = 


= 8s(s + 5) s 


A4 = 


(4s 2 + 10s + 25) 200s 
-15 400 


= 200(8s 2 + 35s + 50) 


_ N 0 _ 200(8s 2 + 35s + 50) _ K x K 2 K :i 
° ~ A~ ~ 8s(s + 5) 2 “ T + (s + 5) 2 + s + 5 

(25K50) 25(200 - 175 +50) = _ 375 


25 
d 

K 3 = 25- 
ds 


-5 


'8s 2 + 35s + 50' 

— 

s(16s + 35) - (8s 2 + 35s + 50)' 

s 

- ZjO 

s =—5 

s 2 


s =—5 
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= —5(—45) - 75 = 150 

50 375 150 

° s (s + 5) 2 s + 5 

[b] v 0 (t) = [50 - 375 te~ 5t + 150e" 5t ]M(t) V 

[c] At t = 0 + : 

30Q 



v 0 (Q + ) = 50 + 150 = 200 V(Checks) 
At t = oo: 


30Q 



3v 0 (oo ) — 150 + v 0 (oo) — 50 = 0; 4u g (cxd) = 200 

v 0 (oo ) = 50V(Checks) 





Problems 13-35 


P 13.31 [a] 


10/s Q 


9/s(+ 



V- ^ 
a 

/ 

io/sn 

I - ? ion 

+ V - 

a 

b 



Y 9/s Vt 10/s n I ^ 

c 

2 




—h + —(h~ h) + 10(/i - 9/s) = 0 
s s 

10 (/2 - 9/s) + i °(/ 2 - h) + 10/ 2 = 0 
s s 

Simplifying, 

(s + 2 )h - J 2 = 9 

—Ii + (s + 2 )/ 2 = - 
s 

(s + 2) -1 

A = = s 2 + 4s + 3 = (s + l)(s + 3) 

— 1 (s + 2) 


iVi = 


9 -1 9s 2 + 18 s + 9 9. 2 


9/s (s + 2) 


= + +1 >' 


= /Vi = 9 r (s + l) 2 j = 9(s + 1) 
1 A s (s + l)(s + 3) s(s + 3) 


(s + 2) 9 18 

N 2 = ' =—(s + l) 

-1 9/s s 

l= N2 = 18(s + 1) = 18 

2 A s(s + l)(s + 3) s(s + 3) 

_ 9 _ I _9_ 9(s + 1) _ 6 6 

a s 1 s s(s + 3) s s + 3 

= _ 9(s + 1) _ 3 6 

s(s + 3) s s + 3 
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[b] la (t) = 6(l-e->(i)A 
i h (t) = 3(1 + 2e~ 3t )u(t) A 

6 


10 

10 

—Ib = 


s 

s 

30 

60 


s s + 3 


— + 


s(s + 3) s 


30 

2 


20 

.s 


6 


V h =-(I 2 -h) = - 

s s LVs 


20 

s + 3 
6 


10 

s 


12 
s + 3j 


s + 3 
30 40 


3 6 

s s + 37 J 


40 

s s + 3 


10, . 10 /9 6 

v; (9/.s - / 2 - -+ 

s s \s s 


6 


s + 3 


30 20 

- 1 - 

-.2 


20 


s s + 3 
[d] v a (t) = [30t + 20 - 20 e~ 3t ]u(t) V 
v h (t) = [30t - 40 + 40 e~ 3t ]u(t) V 
v c (t) = [30* + 20 - 20e“ 3 >(t) V 


[e] Calculating the time when the capacitor voltage drop first reaches 1000 V: 

30* + 20 - 20e _3t = 1000 or 30* - 40 + 40e" 3t = 1000 

Note that in either of these expressions the exponential term over time 
becomes is negligible when compared to the other terms. Thus, 

30* + 20 = 1000 or 30* - 40 = 1000 

Thus, 


980 „ 1040 , „ 

* =-= 32.67 s or * =-= 34.67 s 

30 30 

Therefore, the breakdown will occur at * = 32.67 s. 



Problems 13-37 



204 + 25s(4 - 4) + 25(4 - 4) = 0 
50 

—4 A ^4 + 25(4 — 4) + 25s(4 — 4) = 0 



Simplifying, 

(—25s - 5)4 + (25s + 25)4 = -2500/s 
(50/s + 25s + 30)4 + (“25s - 25)4 = 3000/s 

—5(5s + 1) 25(s + 1) 

A = 5 =-625(s + l)(l + 2/s) 

-(5s 2 + 6 s+ 10) —25(s + 1) 
s 


—5(5s + 1) -2500/s s 2 — 4.8s — 10 

N 2 — 5 = —12,500-„- 

-(5s 2 + 6 s+ 10) 3000/s s 

s 

_ n 2 _ 20(s 2 - 4.8s - 10) 

X “ s(s + l)(s + 2 ) 

[b] i o (0 + ) = lim sl 0 = 20 A 

s —>-oo 


4 ( 00 ) = lims4 = —-— = —100 A 

s ->-0 2 
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[c] At t = 0 + the circuit is 


+ 



204 + 5 h = 0; 4 - h = 100 

204 + 5(4 - 100 ) = 0 ; 254 = 500 

4 = 4(0 + ) = 20A(Checks) 


At t = 00 the circuit is 



26 0 


5 0-;' 


© 


ID DA 



P 


4(oo) = —100 A(Checks) 


_ 20(s 2 — 4.8s — 10) 
s(s + 1)(s + 2) 


K\ K 2 I\, 

— +—4 + —4 

s s 1 s + 2 


Ki 


-200 

(1X2) 


- 100 ; 


K 2 


20(1 + 4.8-10) 

Rxx 


84 


_ 20(4 + 9.6-10) 

A3 " (-2K-D 


36 


-100 84 36 

—- 1 - 7 ^- o 

s s -I - 1 s “t - 2 













Problems 


i 0 (t ) = (-100 + 84e _t + 36e _2t )w(t) A 

i G (oo) = —100 A(Checks) 

i o (0 + ) = -100 + 84 + 36 = 20 A(Checks) 

P 13.33 vc — 12 x 10 5 te~ 5000< V, C = 5 /iF] therefore 

j = 6 e _5000t (l — 5000t) A 

ic > 0 when 1 > 5000t or ic < 0 when 0 < t < 200 /is 
and i c < 0 when t > 200 /is 



ic = 0 when 1 — 5000t = 0, or t — 200 /xs 

d y C _ 19 v 10 5 „-5000C 
fit 


= 12 x 10 5 e _5OOOt [l - 5000t] 


dvr 

.'. ic = 0 when —— = 0 
dt 


P 13.34 [a] The s-domain equivalent circuit is 

1 SL ^ 2 


■> I 


V (?) 


Rn 


Vg _ Vg/L _ V m (fj cos (j) + s sin (/)) 

R + sL ~ s + (R/L) ’ 9 ~ s 2 +cu 2 

f | Ki , A 7 

s + R/L s — juj s + ju> 

j, _ V m (uL coscj) — Rsiiuj)) V m /<t> ~ 90° ~ ^(u) 

i0 = R 2 + cu 2 L 2 ’ Vl = 2 VR 2 + uj 2 E^ 

where tan 9(u) = ujL/R. Therefore, we have 

_ VmjuL cos (j) Rsinfj)) _( R/L)t Kn sin [cut + 4> ~ d{u)\ 
H ’ ~ R 2 + uj 2 L 2 C Vf? 2 + cu 2 L 2 

[b] i ss (t) = ^=== sin [cut + (j) - 0(tu)] 


13-39 
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[c] ?tr 


V m {uL cos 0 — i? sin 0) _( R / L ) t 
4 2 +o4L 2 


[d] I = _ , 9 . , V, = 14/0 - 90° 
it + jcuL - 

14/0 — 90° 14 , , N 

Therefore I = , -= , - /0 — 90 — 0(aO 

VR 2 + oo 2 L 2 /e(u) V R 2 +u 2 L 2 --— 


Therefore = 




sinjotf + 0 — 0 (o;) 


[e] The transient component vanishes when 

cuL cos 0 = f? sin 0 or tan 0 =—— or 0 = 0(4) 

it 


P 13.35 


looon 


40/sC 


looon 


AOsH 5x1 0/s n : 


14 b = 


10s 40 _ 400 _ 40 

10s + 1000 ' T “ 10s + 1000 “ s + 100 


Z Th = 1000 + 1000|| 10s = 1000 + 


10,000s _ 2000(s + 50) 

10s + 1000 “ s + 100 


v r] 


5x1 0/s n : 


40/(s +100) _ 40s 

“ (5 x 10 5 )/s + 2000(s + 50)/(s + 100) “ 2000s 2 + 600,000s + 5 x 10 7 

0.02s _ Ki K* 

~ s 2 + 300s + 25,000 “ s + 150 - j'50 + s + 150 + j'50 

K, = - °:° 2S = 31.62 x 10 _3 /iT.57 o 

S + 150 + j'50 s=—150+^50 


i(t) = 63.25e“ 150 4os(50 1 + 71.57 0 )w(f) mA 




Problems 


13-41 


P 13.36 


P 13.37 


[a] 



180 

— = (100 + 15s) Ji + 10 s/ 2 


0 = 10sh + (20s + 200 )I 2 


A = 


iV 9 = 


15s + 100 10s 

10s 20s + 200 


= 200(s + 5)(s + 20) 


15s + 100 180/s 
10s 0 


= -1800 


r _ ^ 

Vo = 160/ 2 = 


[b] sV 0 = 


-9 

s + 5)(s + 20) 
-1440 

s + 5)(s + 20) 
-1440s 


(s + 5) (s + 20) 


liiri .sV 0 = vJoo ) = 0V 

s —>0 

lim sV C) = v o (0 + ) = 0V 


[c] Vo = 


-96 96 

+ 


s 4- 5 s + 20 
v a (t) = [—96e _M + 96e _20i ]-u(t) V 



180 

s 


(100 + 15s)/i - 10s/ 2 


0 = —lOsii + (20s + 200)/ 2 
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A 


15s + 100 -10s 

-10s 20s + 200 


200(s + 5)(s + 20) 


N 2 


15s + 100 180/s 
-10s 0 


1800 


h 

V 0 


N2 
A ' 

160 1 2 


9 

(s + 5) (s + 20) 
1440 

(s + 5) (s + 20) 


96 _ 96 

s + 5 s + 20 


Vo (t) = [96e~ 5t - 96 e~ 20t ]u(t) V 


P 13.38 [a] W = + \^L 2 i\ + Miii 2 

W = 4(15) 2 + 9(100) + 150(6) 
di i dio 

[b] 120^ + 8-^-6-f = 0 

dt dt 

dio di i 

270*2 + 18 - rf 1 - 6-^=0 
dt dt 


2700 J 


Laplace transform the equations to get 
120/i + 8 (sh - 15) - 6(s/ 2 + 10) = 0 
270I 2 + 18(s/ 2 + 10) - 6(s/i - 15) = 0 


In standard form, 

(8s + 120)/i - 6 sl 2 = 180 
-6 sh + (18s + 270)/ 2 = -270 


A 

A, 

N 2 


8s + 120 —6s 

-6s 18s + 270 

180 -6s 

-270 18s + 270 

8s+ 120 180 
-6s -270 


= 108(s + 10)(s + 30) 
= 1620(s + 30) 

1080(s + 30) 



Problems 
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[c] 

[d] 


[e] 


N\ 

1620(s + 30) 

15 

A 

108(s + 10)(s + 30) 

“ s + 10 

n 2 

— 1080(s + 30) 

-10 

A 

108(s + 10)(s + 30) 

“ s + 10 

= 15e“ 

10t u(t) A; i 2 (t) — 

— 10e _lot 


W V2 m — 


r oo 

= / (225e _20t )(120) dt = 27,000 
Jo 


roo 

W 27 on= / (100e _20t )(270) dt = 27,000 
Jo 

W i 2 on + H^on = 2700 J (Checks) 


,-20 t 
-20 
,- 20 1 


-20 


W — — L\i 2 + —L 2 I 2 0" Miii 2 — 900 + 900 — 900 — 

With the dot reversed the s-domain equations are 


(8s + 120)/i + 6 sl 2 = 60 
6s/i + (18s + 270 )I 2 = -90 


As before, A = 108(s + 10)(s + 30). Now, 


N\ — 


60 6s 
-90 18s + 270 


1620(s + 10) 


N 2 


8s+ 120 60 
6s —90 


-1080(s + 10) 


_ Ni _ 15 _ N 2 _ -10 

1 _ A _ s + 30 ’ 2 ~ A _ s + 30 

ii(t) = 15e~ m u(t) A; i 2 (t) = — 10e~ 30< w(t) A 

roo 

W 270(l = / (100e- 6W ) (270) dt = 450 J 
Jo 

roo 

W 120 n = / (225e -6W )(120) dt = 450 J 
Jo 

11 1200 + W 2 7 on = 900 J (Checks) 


1350 J 

= 1350 J 

900 J 
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P 13.39 [a] s-domain equivalent circuit is 

360Q 

Note: i 2 (0+) = - — = -2 A 

24 

[b] — = (120 4- 3s)/i + 3s/ 2 + 6 
s 

0 = -6 + 3sh + (360 + 15s) J 2 + 36 
In standard form, 

(s + 40)/i 4- s /2 = (8/s) — 2 
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(s - 10)/i + (2s + 10 )I 2 = 54 


(3s+ 30) (s — 10) 
(s — 10) (2s+ 10) 


5(s + 2)(s + 20) 


N 1 = 


72 (s — 10) 
54 (2s + 10) 


90s + 1260 


N 2 


(3s + 30) 72 
(s — 10) 54 


90s + 2340 


r _Ni N 2 _ -1080 

0-1 2 “ A A 5(s + 2)(s + 20) 

-216 12 12 
(s + 2) (s + 20) s + 2 s + 20 

i 0 (t) = [12e _2i + 12 e~ 20t }u(t) A 


P 13.41 The s-domain equivalent circuit is 


-^- 

—w,- 


100 Q 

4Q 

+ O.BsQ 

s 

0 .8sq| 

+ 

b 




9 .6V( 

■> 


Vl - 48/s V\ + 9.6 V\ 

4 + (100/s) + 0.8s + 0.8s+ 20 


s 2 + 10s + 125 

20 _ -30,000 

0.8s + 20 Vl ~ (s + 25) (s + 5 - jl0)(s + 5 + jlO) 

K, ; K 2 | K* 

~ s + 25 + s + 5 - jlO + s + 5 + jlO 



Problems 13-47 



P 13.42 [a] Voltage source acting alone: 



. _ 480(g + 2) 

s(s + 4)(s + 6) 

Current source acting alone: 

2on 




_ 480(s + 2) + 240 _ 480(s + 2.5) 
s(s + 4)(s + 6) s(s + 4)(s + 6) 
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[b] V 0 


Ki | K 2 
s s + 4 


+ 


Ks 
s + 6 


Ki 


(480)(2.5) 

(4)(6) ^ 


480(--L5) 

2 (~4)(2) ^ 


v 0 (t) = [50 + 90e~ 4t - 140e _6t ]-u(t) V 


480(—3.5) 
(— 6 )(— 2 ) 


-140 


P 13.43 A 


Y u Y 12 
Yu y 22 


Y, 1 Yon — Y? 


12 


Y n [( VJR L ) + - (p/a)] 

*12 (4-7 C) 


v 2 = 


n 2 

A 


Substitution and simplification lead directly to Eq. 13.90. 


P 13.44 


1/5 



K-4.8/a K V a ~ Vo 
0.8 + 1/s + 1/s 


o -14 Q-14 

l/s 1.25 




-Vo 

1.25s 


14( 2 s + 1.25) - sV 0 = 6/s 



Problems 13-49 


-Vo 


(2s + 1.25) 
1.25s 


+ s 


= 6/s 


-V„ 


125 s 2 + 2s + 1.25 
1.25s 


= 6/s 


V 0 = 


-7.5 


-6 


1.25s 2 + 2s + 1.25 s 2 + 1.6s + 1 


K\ 


+ 


K* 


s + 0.8 —j0.6 s + 0.8+j0.6 


K\ = 


-6 


s + 0.8 + j0.6 


s=—0.8+j0.6 


= 5 /90° 


v 0 (t) = lOe cos(0.6t + 90°)u(t) V = — lOe ' 8t sin(0.6t)w(t) V 


P 13.45 [a] V 0 = - Jv g 

^i 


10 


10 


10 7 


10 7 ,, 10 10 /s 

/ s 11 10 7 /s + 1000 1000s+ 10 7 s + 10 4 

2 x 10 6 400s + 2 x 10 6 400, 

Zi = -+ 400 =-=- s + 5000 

S S S 


v 9 = 


20,000 


—10 7 /(s + 10 4 ) 20,000 


-5 x 10 8 


V ° (400/s) (s + 5000) s 2 s(s + 5000) (s + 10,000) 

K : > 


[b] v 0 =— + ——— + 

s s + 5000 s +10,000 


771 = 


K, = 


K, = 


-5 x 10 8 


> +5000) (s + 10,000) 
-5 x 10 8 


= -10 


s=0 


s(s + 10,000) 
-5 x 10 8 


= 20 


s=—5000 


s(s + 5000) 


= -10 


s=—10,000 


v„(t) = [-10 + 20e" 500W - 10e" 10 ’ 000t ]M(t) V 
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[c] -10 + 20e" 5000ts - lOe" 10 ’ 000 ^ = -5 

Let x = e~ 5000ts . Then 

10a; 2 - 20a; + 5 = 0 
Solving, 
x = 0.292893 

e — 50004 = 0,292893 /. t a = 245.6/as 

Tfl 

[d] Vg = mtu(t)\ Vg = 

—10 7 s m 

° ~ 400(s + 5000)(s + 10,000) ' s^ 

—25,000m 

“ s(s + 5000)(s + 10,000) 


—25,000m 
” (5000)(10,000) ” 

-5 = -5 x 10" 4 m 


-5 x 10” 4 m 

.'. m = 10,000V/s 


P 13.46 [a] 


ID D/afl 



V P - 40 /s V p - Vp V P -Vo _ 

20 5 + 100/s 

v * Q + 1 + !5o) “ v ” G + !5o) = 

s + 25 / 50 \ 16 2 /I s \ (s + 20\ 
100 V5s + 50/ T ~~ s ~ V5 + 100/ “ V 100 / 



Problems 
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-40s + 2000 
s(s + 10)(s + 20) 

Ki K 2 K 3 

= —- H---1-— 

s s + 10 s + 20 

K i = 10; K 2 = -24; K 3 = 14 

v a (t) = [10 - 24e~ 10t + Ue~ 20t }u(t) V 

[b] 10 - 24e _10i + Ue~ 20t = 5 
Let x = e~ 10ts . Then 

10 - 24a; + 14a; 2 = 5 
14a; 2 — 24a; + 5 = 0 
x = 0.242691 

e~ 10ts = 0.242691 .'. t a = 141.60 ms 

P 13.47 Let v Q \ equal the output voltage of the first op amp. Then 

_ z 

V ol = — V g where Zf\ = 25 x 10 3 0 
ZA\ 


Vo = 


100 
s + 20 


16(s + 25) 2 

10(s + 10)(s) ~~ s 


ZA\ 


25,000 20 x 10 4 /s) 

25,000 +---^--T-— 

’ 25,000 + 20 x 10 4 /s 


25,000(s + 16) 

^+ 8 ) 


O 


Ki = 


~t g+8 V 

(s + 16) 9 


Also, 


K 


where Z f2 = and Z A2 = 25,000 f! 

Z A 2 J s - 


Vo 


-8000 -8000 

-Vol — - 

s s 


— ( g + 8) 

(s + 16) 


V n 


_ 8000(s + 8) 
s(s + 16) 9 

v g (t) = 16u(t) mV; .'. V g = 
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128(5 + 8) _ K i K 2 K 3 

s 2 (s +16) s 2 s s + 16 


Ki 

K 2 

Ks 


128(8) 

16 


= 64 


d 

128 — 
ds 


5 + £ 

s + 16 J 


s=0 


128(—8) 
256 


= -4 


4 


v 0 (t ) = [64t + 4 — 4e 16i ]w(t) V 


The op amp will saturate when v 0 = ±6 V. Hence, saturation will occur when 

64t + 4 — 4e" 16t = 6 or 16t - 0.5 = e~ iet 

This equation can be solved by trial and error. First note that t > 0.5/16 or 
t > 31.25 ms. 

Try 40 ms: 


0.64-0.5 = 0.14; e" 0 ' 64 = 0.53 

Try 50 ms: 

0.80 - 0.5 = 0.30; e" 0 ' 80 = 0.45 

Try 60 ms: 

0.96 - 0.5 = 0.46; e" 0 ' 96 = 0.38 

Further trial and error gives 


+ a t = 56.5 ms 


P 13.48 [a] Let v a be the voltage across the 0.5 //F capacitor, positive at the upper terminal. 

Let V\ :> be the voltage across the 100 kO resistor, positive at the upper terminal. 
Also note 


10 6 2 x 10 6 


0.5s 


and 


10 6 4 x 10 6 


0.25s 


5 


sK 


, K — (0.5/s) | 


K 


200,000 


= 0 


2 x 10 6 


200,000 



Problems 13-53 


sVa, + 1014-b 1014 — 0 

S 


a s(s + 20) 

0 - Va (0 - Vb)s _ 

200,000 + 4 x 10 6 

• y - 2( V - - 100 

b s a s 2 (s + 20 ) 

Vb (Vb - 0)s (14 ~ Vo)s _ 

100,000 + 4 x 10 6 4 x 10 6 

4014 + s Vb + s Vb = s Vo 

K^ 2(s + 2 ° K ; K = 24 


100 \ -200 


[b] v a (t) = —100 t 2 u{t) V 

[c] —100t 2 = —4; t — 0.2 s = 200 ms 

P13 ' 49 w | = «TT|c 


H(s) = 


(1/RC) _ 200 

s + (1/RC) ~ s + 200’ 


—pi = —200 rad/s 


Vi R+l/sC RCs + 1 s + (1/RC) 


s + 200’ 


Zi = 0, — pi = —200 rad/s 


r V 0 sL s s 

Vi R + sL s + R/L s + 8000 

Z\ = 0; — pi = —8000 rad/s 

V 0 R R/L 8000 

[ d I — =-= -=- 

Vi R + sL s + (R/L ) s + 8000 

—pi = —8000 rad/s 



V 0 s V 0 V Q -Vi n 
4 x 10 6 + 10,000 + 40,000 “ 
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P 13.50 [a] 


[b] 

P 13.51 [a] 
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sVo + 40014 + 10014 = 100 Vi 



100 

s + 500 


—p 1 = —500 rad/s 


Let R\ = 250 kfl; R 2 = 125kfi; C 2 = 1.6 nF; and C f = 0.4 nF. Then 
(R 2 + 1/sC 2 )1/sC f (s + 1/R 2 C 2 ) 


Zf = 


(^2 + ^ + C f s (s + clc%) 


— = 2.5 x 10 y 
c f 


R : 2 C 2 

c 2 + c f 


62.5 x 10 7 
125 x 10 3 


= 5000 rad/s 


2 x 10~ 9 


C 2 C f R 2 (0.64 x 10- 18 )(125 x 10 3 ) 
2.5 x 10 9 (s + 5000) 


= 25,000 rad/s 


Z/ s(s + 25,000) 
Zi = Ri = 250 x 10 3 Tt 


-n 


m v Vo -Zf — 10 4 (s + 5000) 
H ( s ) = f7 = ^~ 


v„ 


s(s +25,000) 


—zi = —5000 rad/s 


—pi = 0; — p- 2 = —25,000 rad/s 



K-14 sv; (K - Vq)s 

1000 + 5 x 10 6 5 x 10 6 


500014 - 500014 + 2s K - sV 0 = 0 



Problems 13-55 


(5000 + 2 s) 14 - sV 0 = 500014 

(0 - 14)s 0-14 _ „ 

5 x 10 6 + 5000 


-s!4 - 100014 = 0; 14 = 1000 14 

s 

(2s + 5000) 14 - sV 0 = 500014 

100014(2s + 5000) + s 2 14 = -5000sl4 

14(s 2 + 2000s + 5 x 10 6 ) = -5000sl4 

14 _ -5000s 

V g ~ s 2 + 2000s + 5 x 10 6 

Si ,2 = -1000 ± Vio 6 - 5 x 10 6 = -1000 ± j 2000 


14 _ -5000s 

Vg ~ (s + 1000 - j2000)(s + 1000 + j2000) 

[b] Zl = 0 ; -p x = -1000 + j' 2000 ; -p 2 = -1000 - j 2000 


P 13.52 [a] Zi = 1000 + 


5 x 10 6 1000(s + 5000) 


40 x 10 6 „ 40 x 10 6 

Z f = - 40,000 =- 

f s 11 ’ s +1000 


-40,000s 


Z f _ -40 x 10 6 /(s + 1000) 

^ “ 1000(s + 5000)/s “ (s + 1000)(s +5000) 


[b] Zero at s = 0; 
P 13.53 [a] 


Poles at — pi = —1000 rad/s and — p 2 = —5000 rad/s 


14 = 


*- 


+ 


■d 

-z 

^ 80kQ 

T 

v i < 

♦ 

1 

> 

+ 

+ 

+ 1 

0.2 V.l 

!<■ 

* 20kQ V a | 





20x10 


Q 


500,000+ [(20 x 10 6 )/s] 


(500,000) = 


s + 40 


Vi 


0.214; = 14 +14 
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V 0 = 0.2Vi 


s + 40 


Vi 


Vo _ 0.2(s + 40) - s _ -0.8s + 8 
Vi s + 40 s + 40 

[b] —zi = 10 rad/s 


—pi = —40 rad/s 


P 13.54 


-LOsD 


ISsQ -jlll -rQ 


v s O 


\ 

J 


i 


*35an V f 


llfiylQ 


V g = 25s/i - 35 sl 2 


0 


( 16 x 10 6 \ 
50s + 10,000 H---j 


A 


25s -35s 

-35s 50s + 10,000 + 16 x 10 6 /s 


N 2 


25s Vg 
-35s 0 


35s 


N 2 35 sV g 

AT ““ 25(s + 2000)(s + 8000) 

16 x 10 6 ^ _ 22.4 x 10 6 Vg 

s 2 “ (s + 2000) (s + 8000) 

V 0 _ 22.4 x 10 6 

~ V g ~ (s + 2000) (s + 8000) 


0 .8(s - 10) 
s + 40 


« 

n 


25(s + 2000) (s + 8000) 


—pi = —2000 rad/s; 


— p 2 = —8000 rad/s 



Problems 13-57 


P 13.55 [a] 



+ — + 14(10 _7 )s = Ig 

5000 0.2s v ; 9 


.-. V„ = 


10 x 10 6 s 


s 2 + 2000s + 50 x 10 6 


■In 


In = 


O.ls 


9 * 2 + 10 8 ’ 


In = 


V n S 


10 X 10 6 


••• H(s) = 


[b] I 0 


s 2 + 2000s + 50 x 10 6 
(s 2 )(0.1s) 


In = 


(s + 1000 - j'7000)(s + 1000 + j'7000)(s 2 + 10 8 ) 

O.ls 3 

(s + 1000 - 77000) (s + 1000 + 77000) (s + jlO 4 ) (s - j 10 4 ) 

[c] Damped sinusoid of the form 

Me" 1000 * cos(7000f + 0\) 

[d] Steady-state sinusoid of the form 

N cos(10 4 f + 0 2 ) 

K\ , K* 


[e] I 0 = 


+ 


K 2 K* 

+ -377T7 + 


s + 1000 - j'7000 s + 1000 + j7000 s-j'10 4 s + j'10 4 

0.1(-1000 +j'7000) 3 


Ki = ~ 


(j'14,000)(—1000 - j'3000)(-1000 + jl7, 000) 

0.1(j'10 4 ) 3 


= 46.90 x 10~ 3 /- 140.54 


lU = 7 - 77 - ' - 7 = 92.85 x 10~ 3 /21.80° 

" (j20,000) (1000 + j 3000) (1000 + jl7, 000) L - 

i a (t) = [93.8e" loow cos(7000f - 140.54°) + 185.7 cos(10 4 f + 21.80°)] mA 

Test: 

i o (0) = 93.8 cos(—140.54°) + 185.7 cos(21.80°) mA = 100 mA 

v _ 1 . Y ~ 1 1 1 _ 2 + 1 5 

~ Y ’ “ 5000 + j'2000 + -j'1000 “ 10,000 

Z = 10,000 = 1856.95/- 68.2° ft 
2 + j5 - 
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\ 0 = l g Z = (0.1/0°)(1856.95 / — 68.2° ) = 185.695 /- 68.2° V 


l 


= 185.7 /21.80° mA 


-jlOOO 

i oss = 185.7 cos(10 4 t + 21.80°) mA(Checks) 


P 13.56 [a] 



2000 (I 0 - Ig ) + 8000 Io + p(I g - Jo) (2000) + 2 sl 0 = 0 

. 1000(1 -p) 

° s + 1000(5 — p) 


••• H(s) = 


1000(1 -/i) 

s + 1000(5 - p) 


[b] p < 5 

[c] 


p 

H(s) 

Io 

-3 

4000/(s + 8000) 

20 ,000/s(s + 8000) 

0 

1000/(s + 5000) 

5000/s(s + 5000) 

4 

—3000 /(s + 1000) 

-15,000/s(s + 1000) 

5 

-4000/s 

-20,000/s 2 

6 

—5000/(s - 1000) 

—25,000/s(s - 1000) 


p = —3: 

/ 

1 n 


2.5 


s (s + 8000) ’ 


I 0 = -; 

s s + 5000 


p = 0: 

1 

s 

p — 4: 

-15 15 

I 0 — - A -5 

s s + 1000 

p — 5: 

- 20,000 


i Q = [2.5 - 2.5 e- 8000t ]u(t) A 


!o = [l-e-">WA 


io = [—15 + 15e~ 1000i ]w(t) A 


Io = 


i 0 = — 20,000t u(t) A 




Problems 13-59 


H = 6 : 

_ 25 25 

° “ T ~~ s — iooo’ 


i a = 25[1 — e lom ]u(t) A 




For 0 < t < 1: 

v 0 = J*[6( A) - e" A ] dA = 1 + [e _A ] |q= e- f V 

For 1 < t < oo: 

v Q = [ (—e~ x )d\ = e~ x = (1 — e)e~* V 
Jt—i t- i 
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P 13.60 [a] 0 < t < 40: 



(t-40) □ t 


y(t) = = 10A 

Jo 


10 1 


40 < t < 80: 



MO 

y(t) = / (10)(l)(dA) 

Jt- 40 


10A 


40 

t—40 


10(80 -t) 


t > 80 : y(t) = 0 



Problems 13-63 


[b] 0 < t < 10: 



0 40 

h(t-A) 



(t-10)□ t 


y(t) — j 40dA = 40A = 40t 
J o o 

10 < t < 40: 



0 40 
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40 < t < 50: 



r 40 


y(t) = / 40 dX = 40A 

Jt-10 

t > 50 : y(t) = 0 

[c] The expressions are 

0 < t < 1 : 


(t-10) 40 t 

40 


t-10 


= 40(50 - 1) 


1 < t < 40 : 


y(t) = [ 400 dX = 400A 
Jo 

y(t) — C 400 d.X = 400A 
Jt -i 

MO 

40 < t < 41 : y(t) = / 400 dX = 400A 

Jt -1 

41 < t < oo : y(t) = 0 


= 400t 


t 

t -i 
40 


= 400 


t-i 


= 400(41 - 1) 


[d] 



[e] Yes, note that h(t) is approaching 40A(/;j, therefore y(t) must approach 40x(t), 
i.e. 

y(t) = [ h(t — X)x(X) dX —> [ 405(f — A)x(A) d.X 
Jo Jo 

—> 40 x(t) 

This can be seen in the plot, e.g., in part (c), y(t) = 40 x(t). 




Problems 


13-65 


P 13.61 [a] -1 < t < 4: 

rt +1 


t+1 


t+1 


v 0 = / 10A c/A = 5A^ 

Jo 

4 < t < 9: 

/*£+l 

v c = / lOAdA = 5A 2 
Jt-4 

9 < t < 14: 

/•10 /- t+1 

v 0 = 10 / A dX + 10 / 

it-4 J 10 


= 5t 2 + lOt + 5 V 


= 50t - 75 V 


t-4 


10 dX 


= 5A 2 


10 


+100A 


t-4 


t+1 


= —5t 2 + 140t - 480 V 


10 


14 < t < 19: 

rt+l 

v o =l00 d\ = 500 V 
Jt -4 

19 < t < 24: 

r20 


r20 rt+l 

v 0 = / 100 dA+ / 10(30 - A) dA 

it-4 4 20 


= 100A 


20 


+ 300A 


1-4 


t+1 


20 


5A" 


t+i 


20 


= -5r + 190t- 1305 V 


24 < t < 29: 

rt+i 


rt+i 

Vo = 10 / (30 - A) dX = 300A 

Jt-4 


t+1 


- 5X 2 


t—4 


t+1 

t—4 


= 1575 - 50tV 


29 < t < 34: 

r30 


ri U 

v 0 = 10 / (30 - A) dA = 300A 

J t—4 


30 


- 5A 2 


t—4 


30 


t—4 


= 5t 2 - 340t +5780 V 


Summary: 

v Q — 0 — oo < t < — 1 

Vo = 5t 2 + lot + 5 V - 1 < t < 4 

v a = 50t — 75 V 4 < t < 9 

Vo = —5t 2 + 140t - 480 V 9 < t < 14 
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v Q = 500 V 14 < t < 19 

v Q = -5 1 2 + 190t - 1305 V 19 < t < 24 

v Q = 1575 — 50t V 24 < t < 29 

Vo = 5t 2 - 340t + 5780 V 29 < t < 34 

v Q — 0 V 34 < t < oo 



-2 2 6 10 14 18 22 26 80 34 





Problems 


13-67 


5 < t < 10: 

r 5 2 

v a = 10 -XdX + 10 
Jo 5 


4-A ) dX 

5 


4A 2 


+ 40A 


4A 2 


= —100 + 40t — 2t 2 


10 < t < oo: 

f 5 2 

v 0 = 10 -XdX + 10 
Jo 5 


io / 2 , 

4-A ) 

5 


4A 2 


+ 40A 


10 


4A 2 


10 


= 50 + 200 - 150 = 100 


Summary: 

v 0 = 2 1 2 V 0 < t < 5 

= 40 1 - 100 -21 2 V 5 < t < 10 

v Q = 100 V 10 < t < oo 

[b] 



[c] Area = ^(10)(2) = 10 ^(4)/i = ^ so ^ = ^ 

h( A) = ^A 0 < A < 2 
/i(A) = (iO- ^a) 2 < A < 4 



13-68 




0 < t < 2: 

v 0 = 10 t^XdX = 12.5t 2 
Jo 2 

p2 5 rt / 5 \ 

v Q — 10 / -XdX+10 (10 — —A ) d.X 

Jo 2 J 2 V 2 / 


25A 2 

2 


+ 100A 


25A 2 t 
2 


= -100 +loot-12.5t 2 


v a = 10 / -A dX + 10 [ (10 — - a') dX 
Jo 2 J 2 V 2 / 


25A 2 

2 


+ 100A 


25A 2 4 
2 


= 50 + 200 - 150 = 100 


v a = 12.5t 2 V 0 < t < 2 

v 0 = lOOt - 100 - 12.5t 2 V 2 < t < 4 


v 0 = 100 V 4 < t < oo 


[d] The waveform in part (c) is closer to replicating the input waveform because in 
part (c) h( A) is closer to being an ideal impulse response. That is, the area was 
preserved as the base was shortened. 
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[c] 



t (s) 

— part(a) ■ ■ part(b) 




P 13.65 [a] H{s) 


2000 
s + 2000 


h{ A) = 2000e _2 ° OOA 




Problems 


0 <t< 5 ms: 

rt 


v 0 = [ 20(2000)e _2 ° OOA dX = 20(1 - e" 200W ) V 
Jo 


5 ms < t < oo: 


rt 


v 0 = / 20(2000)e -2UUUA dX = 20(e iU - l)e" 2UUUt V 

Jt- 5xl0- 3 



[b] decrease 

[c] The circuit with R = 5 kf2. 


P 13.66 [a] I g 


V 0 V Q s 
10 5 + 5 x 10 6 


V 0 (s + 50) 
5 x 10 6 



5 x 10 6 
s + 50 


h{X) = 5 x 10 6 e _50A M(A) 
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0 <t< 0.1s: 


v 


O 



x 10 -6 )(5 x 10 6 )e _50A dX 


e 

250- 


= 5(1 - e~ 50t ) V 
0.1 s < t < 0.2 s: 



rt- 0.1 


V„ = 


(-50 x 10 _6 )(5 x 10 6 e _50A d\) 


+ f (50 x 10~ 6 )(5 x 10 6 e _50A dX) 
J t- o.i 


r* 

t- 0.1 

= —50A It— 0.1 


= -250- 


-50 


-,—50 A 


+ 250 — 
o -50 


t-o.i 


= 5 


g— 50(t—0.1) _ A _ 5 r e -50i _ g— 50(t—0.1) 


D = [lOe" 50 ^" 0 - 1 ) - 5e 


—50t 


5] V 


50A t 

50“ o 


v. 



Problems 13-73 


[b] 


0.2s < t < oo: 



I* 01 -250e~ 50X dX + r 250e _50A 
J t- 0.2 7 t-0.1 


Vo = 


dX 


= 5e _50A 


t-o.i 


- be 


—50A 


t—0.2 


t-0.1 


— ^Qg—50(4—0.1) _ gg-50(4-0.2) _ gg-504j y 


Summary: 

v a — 5(1 — e~ 50t ) V 0 < t < 0.1 s 

v a = [10e" 50(t " ai) - 5e" 50t - 5] V 0.1 s < t < 0.2 s 

v 0 = [10e- 50(t - ai) - 5e -50( ' lt_0 ' 2 - ) - 5e" 5W ] V 0.2 s < t < oo 


P) —■ 


Ks 


5 x 10 6 5 x 10 6 


I = H( S )= S 


s + 50 


h{X) = <5(A) - 50e 


—50A 


5 x 10% 
s + 50 


s + 50 


0 < t < 0.1 s: 

rt 


i Q — f (50 x 10 _6 )[<5(A) 
J o 


- 50e -50A ] dX 


= 50 x 10~ 6 


e -50A] 4 

50 x 50 x 10” 6 -- 

-50 o 


= 50 x 10" 6 + 50 x 10 _6 [e _5 °* - 1] = 50e- 5W /jA 
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0.1s <t< 0.2s: 





[ ' (-50 x 10" 6 ) [5(A) - 50e —50A 1 d\ 

J o 

+ T (50 x 10 _6 )(—50e _50A ) d\ 

J t- o.i 


D -50A 


= -50 x 10" 6 + 2500 x 10 


- 6 ' 


-50 


t- 0.1 


50A 


— 2500 x 10~ 6 - 

o -50 


= -50 x 10" 6 - 50 x 10~ 6 [e-500- 0 - 1 ) — 1] + 50 x 10~ 6 [e- 50t - 
= 50e _50t - 100e -5 °( t-ai ) pA 


t- o.i 

g—50(t—0.1)j 



Problems 13-75 


0.2s < t < oo: 



+ /* (50 x 10 _6 )(—50e _50A ) dX 

J t- o.i 


= 50e -5tM - lOOe" 50 ^- 0 ' 1 ) + 50 e -50(*-o-2) /xA 

Summary: 

i 0 = 50e" 50 * //A 0 < t < 0.1 s 

i 0 = 50e" 50t - 100e" 50(t " ai) /iA 0.1 s < t < 0.2 s 
i 0 = 50e _50t - 100e -50(t_ai) + 50e- 50(t ' 0 ' 2) //A 0.2 s < t < oo 

[c] At t = 0.1 - : 

4.97 

v 0 = 5(1 - e~ 5 ) = 4.97V; iiooko = -jjy = 49.66//A; i g = 50/xA 
.-. i D = 50 -49.66 = 0.34/xA 

From the solution for i 0 we have x o (0.1 _ ) = 50e -5 = 0.34 /iA (Checks) 

At t = 0.1+: 

n o (0.1 + ) = u o (0.1 _ ) = 4.97 /iV; Xiooko = 49.66 /xA; x 9 = -50 /xA 

.-. x o (0.1 + ) = -(50 + 49.66) = -99.66 /xA 

From the solution for x 0 we have 

x o (0.1 + ) = 50e -5 - 100 = —99.66/xA (Checks) 
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At t = 0.2": 

v 0 = 10e -5 - 5e" 10 - 5 = -4.93/rV 
*iookn = -49.33 //A i g = -50 pA 

i 0 = i g — AookQ = -50 + 49.33 = -0.67 pA 

From the solution for i 0 , i Q ( 0.2”) = 50e _1 ° — 100e -5 = —0.67 pA (Checks) 
At t = 0.2+: 

u o (0.2 + ) = ?: o (0.2 _ ) =-4.93 V; Aookn = —49.33 yuA; i g = 0 

io = i g ~ i iookf 2 = 49.33 pA 


From the solution for i Q , 

i 0 ( 0.2+) = 50e _1 ° - 100e -5 + 50 = 49.33 /jA(Checks) 


P 13.67 H(s) = ^ 

Vi 


5 

5 +2.5s 


2 

s + 2 


h( A) = 2e _2A ; h(t - A) = 2e" 2(t " A) = 2e" V A 

- = T = 7ts; f — — Hz 

2 2’ ’ J vr 

ttj(A) = (20 sin 2 A) [w( A) — u( A — vr/2)] 


(7t/2) s < t < oo: 

rn/2 


/2 


n 0 = / (2e~ 2t e 2A ) (20 sin 2A) dX = A0e~ 2t I e 2A sin 2A dX 

Jo Jo 


= 40e 


- 2 1 


„2A 


1 V 2 


(2 sin2A — 2 cos2A) 


= lOe 2t [e 7r (sin7T — cos7r) — 1(0 — 1)] 


J o 


= 10e _2t (e 7r + 1) = 10(e^ + l)e” 2i V 
u 0 (2.2) = 241.41e -4,4 = 2.96 V 
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0.5s < t < 1.0s: 


ivJt-A) 



-75 


ft- 0.5 

v Q = / —75[0.85(A)] dX = -60 A 

Jo 

Is < t < oo : v Q — 0 


[c] 


60 — 

V 0 (t) 

1 

-60 — 

=1 

3.5 

t (s 


Yes, because the circuit has no memory. 


P 13.69 [a] 


5Q 



20Q 


V 0 -Vg , V 0 S , Vo 
5 4 20 

(5s + 5)17, = 4V^ 


H(s) = 


Vo 

y 9 


0.8 

s + l 5 


h( A) = 0.8e x u( A) 
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1 s < t < oo; 

rt- 0.5 

Vo = / (—75)(0.8e _A ) d.\ + 

J t -i 



75(0.8e _A ) dX 

0.5 



t—0.5 
t -1 





t-0.5 


[C] 


= 120e-( t -°' 5 ) - 60e -( * -1 ) - 60e"* V, 1 s < t < oo 



[d] No, the circuit has memory because of the capacitive storage element. 


P 13.70 


V 0 


5000 Q 


25xl0 5 
—s~ & 



-VA- 

- it - 


50001 C 

) 

2 0 x 10 3 Q i 

i 


20 x 10 3 

tp;nnnr t 


5000 + 25 x 10 5 /s + 20 x 10 3 ( 5000/ ^ 


+ 

v 


K 


= H(s) 


4000s 
s + 100 


H(s ) = 4000 


100 ' 
s + 100. 


4000 - 


4 x 10 5 
s + 100 


h{ A) = 40005(A) - 400,000e -100A w(A) 



Problems 13-81 


P 13.71 


Vo = 


plO" 


0 


(-20 x 10" 3 ) [40005(A) - 400,000e' 10 ° A ] dX 


r 5xl0~ 3 

+ (10 x 10 -3 ) [—400,000e _100A l dX 

J 10-3 

/*10 -3 /-5X10-3 

= -80 + 8000 / e _100A dX - / 4000e- 10 ° A dX 

Jo J 10-3 

= -80 - 80(e”°' 1 - 1) + 40(e-°- 5 - e" 0 - 1 ) 
v 0 (5 x 10" 3 ) = 40e-°- 5 - 120e“ 01 = 24.26 - 108.58 = -84.32 V 

Alternate solution (not using the convolution integral): 


/ 4xl0 3 fbxiu “ 

(10 x 10" 3 )e-^ dt + / (-20 x 10" 3 )e-^ dt 

0 74x10-3 


4 = 


—st 


= 10 - 3 - 


—s 


4x10-3 


- 20 x 10 


-3 


6x10-3 
4x10- 

-st ,6x10-3 
4x10-3 


— S 


= 10 X 10 


-3 


j g—4x10 J s 

S S 

1-3 


+ 20 x 10 


-3 


10 X IgZ _ -'OX 10 , »x,o 3, + 70 x 10 6X|| , 


40 120e~ 4xl ° 3 * 80e _6xl ° 3 * 

V 0 = I„H(s) =-1- 

9 y ’ s + 100 s + 100 s + 100 

Now use the operational transform £~ 1 {e _as -^(' s )} = f(t — a)u(t — a) 

v Q = 40e" low - 120e~ 100(t - 4xltr3) w(f - 4 x 10~ 3 ) 

+ 80e _100(t_6xl ° 3 4(t - 6 x 10" 3 ) V 

v 0 (5 x 10" 3 ) = 40e -0 " 5 - 120e -01 + 80(0) = -84.32 V (Checks) 


W H(s)=^ = 


1/LC 


V s 2 + ( R/L)s + (1/LC) 
100 100 


s 2 + 20s + 100 (s + 10) 2 
h( X) = 100Xe~ 10A u(X) 






Problems 13-83 


P 13.72 H(s) = 


16s 


40 + 4s + 16s s + 2 


0.8s ( 2 \ 1.6 

= 0.8 1-- =0.8 


s + 2 


s + 2 


h( A) = 0.85(A) — 1.6e 2X u( A) 


v 0 = [* 75[0.85(A) — 1.6e _2A ] dX = f 605(A) dX - 120 C e~ 2X dX 
Jo Jo Jo 


„-2A 


= 60 - 120- 


-2 


= 60 + 60(e _2i - 1) 


= me- 2t u{t) V 


P 13.73 [a] y(s) = / y{t)e~ st dt 


/ oo r r oo 

/ h(X)x(t — A) 
o L7 o 


5A 




r oo roo 

/ / e~ st h(X)x(t — X) dXdt 

J o 7 o 


e st x(t — A) dt dX 


But a:(t — A) = 0 when t < A 


Therefore Y (s) = 


e st x(t — X)dtdX 


o J A 

Let u = t — A; du = dt] u = 0, t = A; w = oo, t = oo 

roo roo 

y(s) = / h(X) e~ s ( u+X) x{u) dudX 
Jo Jo 

/ oo roo 

h(X)e~ sX e~ su x(u)dudX 
o 7 o 


roo 

= / /r(A)e- sA X(s)5A = 77(s)X(s) 


j o 

We are using one-sided Laplace transforms; therefore /i(f) and A"(7) are 
assumed zero for t < 0. 
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[b] F(s) 


a 

s(s + a) 2 
h(t) = u(t), 


1 a 
s (s + a) 2 

x(t) = ate~ at 


H(s)X(s) 

u(t ) 



= -[e- at (-at - 1) - 1(-1)] = -[1 - e~ at 

CL CL 


1 l _ , _ ,, . . 

- e at — te at \ u(t ) 

a a 


Check: 

n*) = 


= ^» + 


A'i A 2 


s(s + a) 2 s (s + a) 2 s + a 


/c. - l ; K 1 = -1; A^ 2 = ^( a ) = -- 

a as \ s J s =—a a 


m = 


i i 

- - te" at - -e~ at 


La a 

P 13.74 [a] The s-domain circuit is 


u(t) 



V V V p 

The node-voltage equation is ——h — H—— = - 

sLi R sL 2 s 

L\L 2 


Therefore V = 


pR 


s + (R/L e ) 


where L, = 


L i + T 2 


ate 


Therefore v = pRe ^ Le ^u(t) V 



Problems 13-85 


rbi / =- + — = ± ( R / L ^ = ^ , K i 

L J 1 fl si 2 s[s + (i?/L e )] s s + ( R/L e ) 


pLi 

L\ + T 2 


K 0 = ~r~~r~'i K x = 


P -^2 

L\ + L2 


Thus we have i\ = -——— [L x + L 2 e (Rl/Le ' >t ]u(t) A 
L\ + L 2 

,. = V_ = = !k+ !h 

2 sL 2 s[s + (R/L e )] s s + (R/L e ) 


Ko = 


L\ + L2 


K>. = 


-pLi 
L\ + L2 


Therefore i 2 = T [1 — e ( R / Le ^]w(t) 

Li + L 2 

[d] A(f) = + L 2 i 2 = pLi 

P 13.75 [a] As R —> 00 , v(t) —> pL e S(t ) since the area under the impulse generating 
function is pL e . 

ii(t) —» - /3 ^ 1 ^ as i? —* 00 
+ L 2 


*2(0 ~^ 


L\ + L 2 


as i? —» 00 
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[b] The s-domain circuit is 


3L x I v p/s (r) 4/feL 




V V p 


therefore V = 


sLi sL 2 s ’ 

Therefore v(t) = pL e 5(t ) 

V ( pLi \ /I 


pL\L 2 
L\ + L 2 


= pL e 


h = h = 


sLy 


L\ + L 2 ) \s 


Therefore i\ — i 2 — A 

L\ + L 2 

P 13.76 H(j 3) = 4 ^ 3 + j3 ^ , = 0.42/8.13° 

' -9 + j24 + 41 L - 


.-. v 0 (t) = 16.97 cos(3f + 8.13°) V 


P 13.77 [a] H(s) = 


-z f 


Z f = 


(1 /C f ) 


10 s 


Zi = 


s + (1 /RfC f ) s + 1000 

Ri[s + (1 /RiCi)\ 10,000(s + 400) 


H(s) = 


-10 4 s 


[b] H(j 400) = 


s + 400) (s + 1000) 

— 10 4 (j400) 


(400 +j400) (1000 +j400) 
v 0 (t) = 13.13 cos(400f - 156.8°) V 


= 6.565 /- 156.8° 



Problems 13-87 


P 13.78 [a] 


125x10 




= °- 01s y = - i - y 

p 80 + 0.01s 9 s + 8000 9 

_K_ Vn - V 0 . _ , g _ 0 

5000 25,000 y n oJ 

5V n + V n — V a + (V n — V a ) 2 x 10 4 s = 0 

6K + 2 x 10 ~ 4 sV n = V 0 + 2x 10~ 4 sV o 

2 x 10~V n (s + 30,000) = 2 x 10" 4 1 / a (s + 5000) 

V n = V p 

s + 30,000 /s + 30,000\ / sV a \ 
° “ s + 5000 Vf ~ V s + 5000 ) Vs+ 80007 

U, x _ V 0 _ s(s + 30,000) 
yS) ~ V g ~ (s + 5000) (s + 8000) 


[b] Vg = 0.6 u(t)- Vg = 


_ 0.6(s + 30,000) _ K 1 K -2 

° ~ (s + 5000) (s + 8000) “ s + 5000 + s + 8000 

= 0.6(25,000) = 0.6(22,000) = _ 44 

3000 ’ " -3000 

.-. v a (t) = (5e _5000t - 4.4 e- 8000t )u(t) V 

[c] V g = 2 cos 10,000/: V 

= ,10.000(30.000 + ,10.000) = 

J ’ (5000 + j 10,000) (8000 + j 10,000) L - 

v 0 = 4.42 cos(10,000t - 6.34°) V 
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P 13.79 V 0 = 


50 20 _ 30(s + 3000) 

s + 8000 ~~ s + 5000 “ (s + 5000) (s + 8000) 


Vo = H(s)V g = H(s) 


••• H(s) = 


s(s + 3000) 

[s + 5000) (s + 8000) 


BO-8000) = 06000)(3000 + J 6000) = 

; (5000+ J6000) (8000+ J6000) L - 

v 0 (t) = 61.84 cos(6000t+ 66.37°) V 


P 13.80 Original charge on C \; q 1 = V 0 Ci 


The charge transferred to C 2 ; q 2 = Vo C e = 


VqC'i C' 2 
C\ + C 2 


The charge remaining on C\ ; q[ = qi — q 2 = 


C 1 + C 2 


Therefore V> = — = 


72 VqC'i 


C 2 Ci + C 2 


, q[ VC, 

and Vl = ci = c^ci 


P 13.81 [a] Z, =- l ^ Cl = 25 X 10 ° n 

s + 1 / R\C! s + 20 x 10 4 

z = 1/C 2 = 6.25 x 1Q 10 q 

2 S + I/R 2 C 2 s + 12,500 

V 0 V 0 - 10 /s _ 

Z-2 + Z, _ 

Vo{s + 12,500) Vo(s + 20 x 10 4 ) _ 10 (s + 20 x 10 4 ) 
6.25 x 10 10 + 25 x 10 10 ~~ T 25 x 10 10 

_ 2(s + 200,000) _ K x K 2 
0 ~ s(s + 50,000) “ ~7~ + s + 50,000 


K\ = 


2 ( 200 , 000 ) 

50,000 


r - 2(150,000) 

A 9 = - = —6 

-50,000 


= 8 - 6e" 50 ’ 000t ]w(f) V 


v, 
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[b] J 0 


Vb _ 2(s + 200,000)(s + 12,500) 

2^ ““ s(s +50,000)6.25 x 10 10 

162,500s + 25 x 10 s 


= 32 x 10” 12 


= 32 x 10- 12 


1 + 


s(s +50,000) 
K 2 


K x 

H-- + 

s s + 50,000 


K x = 50,000; K 2 = 112,500 

i a = 32 S(t) + [1.6 x 10 6 + 3.6 x lOV 50 ’ 0004 ]^) pA 

[c] When C\ = 64 pF 
_ 156.25 x 10 8 

Zj\ — - 

s + 12,500 

Vb(s + 12,500) V Q {s + 12,500) 10 (s + 12,500) 


625 x 10 8 156.25 x 10 8 

40 

.'. Vo + 4V 0 = - 


s 156.25 x 10 s 


P 13.82 Let a = 


H = - 

s 

v 0 = 8 u(t) V 

_ Vq _ 8 (s + 12,500) 

Y 2 ~ ~s 6.25 x 10 10 

i a (t) = 1286(t) + 1.6 x 10"Vt)pA 

1 1 


= 128 x 10 


-12 


1 + 


12,500 


Then Z x = 


RiC l R 2 C 2 
1 


Ci (s + a) 


and Z 2 = 


C 2 (s + a) 


Vo Vo _ 10 / s 
Z 2 z x z x 

V 0 C 2 (s + a) + V a Ci(s + a) = (10/s)Ci(s + a) 


V 0 


10 / c, \ 
s lci + c 2 ; 


c x 

Ci + C 2 ' 


Thus, v 0 is the input scaled by the factor 
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P 13.83 [a] For t < 0, 0.5i'i = 2v 2 : therefore v\ = 4v 2 

v\ + v 2 = 100; therefore vi(0”) = 80 V 

[b] u 2 (0“) =20V 

[c] r 3 (0-) = 0V 

[d] For t > 0: 

= 10 °/^ x 10 -e = 32 x 10" 6 
3.125/s 

i(t) = 325(f) pA 


so/sC 


6 

— n 

2s w 


2 0/ sf! 




10 6 r 0+ 

[e] Vl (0 + ) =-/ 32 x 10 _6 5(f) dt + 80 = -64 + 80 = 16 V 

0.5 jo- 

10 6 r 0+ 

[f] t , 2 (o + ) = — — 32 x 10 ~ e 6(t) dt + 20 = -16 + 20 = 4 V 


10 6 r 0+ 

[f] t , 2 (o + ) =-/ 32 x 10 _6 5(f) dt + 20 = 

2 Jo- 


0.625 x 10 6 20 

[g] C 3 =-32 x 10" 6 = — 

s s 

v 3 (t) = 20 u(t) V; V 3 (0 + ) = 20 V 
Check: vi(0 + ) + v 2 (0 + ) = V3(0 + ) 

P 13.84 [a] For t < 0: 




Li, 

+ 


V I 

V v 1 

^ 0 .SkH5 

-i 

^ 4kH 5 

-r 

- 




4X^2 

16kfi 


R cq = 0.8kfi||4kfi||16kfi = 0.64kfl; v = 5(640) = 3200 V 

ii(O-) = — = 0.8A; i 2 (0") = = 0.2A 

u ; 4000 ’ V ; 16,000 
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[b] For t > 0: 

i\ + h = 0 
8(A h) = 2(A i 2 ) 

ii(0~) + AA + i 2 ( 0 _ ) + Ai 2 = 0; therefore A?', = —0.2 A 
Ai 2 = —0.8 A; A(0 + ) = 0.8 - 0.2 = 0.6 A 

[c] i 2 (0“) = 0.2 A 

[d] i 2 (0 + ) = 0.2-0.8 = -0.6 A 

[e] The *-domain equivalent circuit for t > 0 is 


4kQ.\ 



£ lfitn 


Q .000aSi£ £o.OQ2sQ 


0.004am 00.0012 


h = 


0.006 


0.6 


0.01s + 20,000 s + 2 x 10 6 

hit) = 0.6e- 2xlo \x(t)A 

[f] i 2 {t) = — h(t) = — 0.6e~ 2xlo6t u(t) A 

[ g ] V = -0.0064 + (0.008s + 4000)/i = 

, 7200 

= —1.6 x 10 3 — 


—0.0016(s + 6.5 x 10 6 ) 
s + 2 x 10 6 


P 13.85 [a] 


s + 2 x 10 6 

v(t) = [-1.6 x 10~ 3 m - l7200e~ 2xl ° 6t u(t)]V 

5 0 IcQ 4xl0^sQ 

-Wv- 



0.5 


10 e 


V ° 50,000 + 5 x 10 6 /s s 
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Note that this equation is identical to that derived in part [c], therefore the 
solution for V 0 will be the same. 

P 13.87 [a] 


0.5sQ 0.5sQ 



20 = sh - 0.5 sl 2 
0 = —0.5s/i + (s H—^ I 2 


s 
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A = 


s -0.5s 
-0.5s (s + 3/s) 


= s 2 + 3 - 0.25s 2 = 0.75(s 2 + 4) 


iVi = 


20 -0.5s 
0 (s + 3/s) 


60 20s 2 + 60 20(s 2 + 3) 

= 20s 4-= -= —--- 


20(s 2 + 3) 


80 


s 2 + 3 


I. = E1 = 

A s(0.75)(s 2 + 4) 3 s(s 2 + 4) 


Ki + K* 


s s — j 2 s + j 2 




i\ = 


20 + — cos 2 1 
3 


* = “ 
3 


u(t) A 


-4 + 3 

(Mm 




[b] N 2 = 


s 20 
-0.5s 0 

No 


h = = 


= 10s 


10s 


A 0.75(s 2 + 4) 

= 40 (M\ = 20 
3 \ji) 

40 

i 2 = — (cos2t)u(t) A 

40 

K\ = — = -jlO = 10/90° 


40 

3 


/A + A- 


s 2 + 4/ s —j 2 s + j2 


40 


A'! 


A) 


s 2 + 4 s — j 2 s + j'2 


v 0 = 20 cos (2 1 — 90°) = 20 sin 2 1 
v 0 = [20 sin 2t]w(t) V 

[d] Let us begin by noting A jumps from 0 to (80/3) A between 0~ and 0 + and in 
this same interval i 2 jumps from 0 to (40/3) A. Therefore in the derivatives of 
i\ and i 2 there will be impulses of (80/3)<5(f) and (40/3)<5(f), respectively. 
Thus 

di\ 80 . 40 

—— = — 8(t )-sm 2f A/s 

dt 3 w 3 ' 
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di 2 

dt 



— sin 2 1 A/s 
3 ' 


From the circuit diagram we have 


20 5(t) 


~di i .. _ di 2 

1—-0.5 — 

dt dt 


80 . . 40 . 

— 8(t) -sm2t 

3 3 


205(t) 

3 


+ 


— sin 2 1 
3 


= 205(f) 


Thus our solutions for i 1 and i 2 are in agreement with known circuit behavior. 
Let us also note the impulsive voltage will impart energy into the circuit. Since 
there is no resistance in the circuit, the energy will not dissipate. Thus the fact 
that ii, i 2 , and v Q exist for all time is consistent with known circuit behavior. 
Also note that although i\ has a dc component, i 2 does not. This follows from 
known transformer behavior. 

Finally we note the flux linkage prior to the appearance of the impulsive 
voltage is zero. Now since v = dX/dt, the impulsive voltage source must be 
matched to an instantaneous change in flux linkage at t = 0 + of 20. 

For the given polarity dots and reference directions of i\ and i 2 we have 


A(0 + ) = L lH ( 0 + ) + Mh( 0+) - L 2 i 2 {0 


A(0 + ) 



+ 0.5 




) - Mi 2 { 0+) 



120 60 

ir _ y 


20 (Checks) 



P 13.88 [a] 


2 xlO/sfi 




-a-■ 




+ 

+ 

10x10 6 (3 

y) 10kQ< 

= 5xl0/sfi- 

V 

1 



- 

- 


c, + _c,_ 

10 4 + [(2 x 10 5 )/s)] + [(5 x 10 4 )/s] 


10~ 5 
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* + * =10 -* 
10 4 25 x 10 4 

25 Vi + sVl = 2.5 


s + 25 


sK \ / 5 x 10 4 \ = 1 
25xl0 4 /\ s / 5 1 


V 0 = ' — ; v 0 = 0.5e 25t u(t ) V 

s -f- 25 


[b] n o (0 + ) = 0.5 V 


106 , 0 + 

v o (0 + ) =- / 10 x 10 6 <5(a;) dx = 0.5 V (Checks) 

20 Jo- 




1 100 


r = RC e = (10 x 10 d )(4 x 10 ) = 4 x 10~ 2 s; - = — = 25 (Checks) 

r 4 

Yes, the impulsive current establishes an instantaneous charge on each 
capacitor. After the impulsive current vanishes the capacitors discharge 
exponentially to zero volts. 


P 13.89 [a] The circuit parameters are 


^ = R b = T* =8(l = 

1200 1800 350 35 

The branch currents are 

= EAL = 10 £ A(rms) , 2 = yyyr = = 90 , A(rms) 

12 v ' j1440/35 J 12 12 / - v ' 

I 3= 120 ^ = 15^A ( rms) 


.'. I L = h + h + Is = 25 — j — = 25.17 /- 6.65° A(rms) 

Therefore, 

/35\ 

( 2 = f — j v^2 c °s(o;f — 90°) A and i L = 25.17\/2 cos(cuf — 6.65°) A 

Thus, 

i 2 (0“) = i 2 (0 + ) = 0A and i L (0~) = i L (0+) = 25^ A 
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[b] Begin by using the s-domain circuit in Fig. 13.60 to solve for Vo symbolically. 

Write a single node voltage equation: 

K> - (Vg + Ld o) Vo Vo n 

sLi R a sL a 

y _ {Ra/L()Vg + IoRd 

" s + [R a (L a + L e )]/L a L e 

where L e = l/120vr H, L a = 12/35vr H, R a = 12 Q, and I 0 R a = 300^ V. 
Also, 

V g = V 0 + I L (j) = 120 + ^25 - j—j j = 122.92 + 25 j V(rms) 

v g (t) = 122.92v/2coso;f — 25v/2sino;f V, withcu = 1207T rad/s. 

Thus, 

1440tt(122.92^s - 3000^^2) 300^ 

0 (s + 14757t)(s 2 + 14,4007t 2 ) s + 14757T 

K\ K 2 K* 300^2 

S + 14757T ^ S — j 1207T ^ S + j 1207T s + 14757T 

The coefficients are 

K\ = -121.18V2 V Ji 2 = 61.03v / 2 /6.85° V AT* = 61.03y/2 /- 6.85° 
Note that Ki + 300\/2 = 178.82 ^2 V. Thus, the inverse transform of Vo is 
v 0 = 178.82v / 2e' 14757rt + 122.06^ cos(120vrt + 6.85°) V 

Initially, 

u 0 (0+) = 178.82-^/2 + 122.06-^/2 cos 6.85° = 300^ V 

Note that at t = 0 + the initial value of which is 25\/2 A, exists in the 12 
resistor R a . Thus, the initial value of V 0 is (25\/2)(12) = 300\/2 V. 

[c] The phasor domain equivalent circuit has ajlCl inductive impedance in series 

with the parallel combination of a 12 Q resistive impedance and a j 1440/35 f! 
inductive impedance (remember that t v = 1207T rad/s). Note that 
V g = 120/0° + (25.17 /-6.65° )(jl) = 125.43 /11.50° V(rms). The node 
voltage equation in the phasor domain circuit is 

Vo - 125.43/11.50° Vp 35V 0 _ 
j 1 + 12 + jl440 

.-. Vp = 122.06 /6.85° V(rms) 

Therefore, v 0 = 122.06\/2cos(1207r t + 6.85°) V, agreeing with the 
steady-state component of the result in part (b). 




jin 



i L = 25.17-\/2 cos(1207rt - 96.65°)A 
i L ( 0") = i L (0 + ) = -2.92V2A 
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35 

i '2 = — v^cos(1207Tt + 180°)A 
35 

* 2 (0“) = i 2 (0 + ) = - — V2 = -2.92V2A 
\ g =\ 0 + jll L 

35 

Vg = -j 120 + 25 - i- 
= 25 — j'122.92 

v g = 25\/2 cos 12077 t + 122.92 sin 12077t 




25 ^ + 122 . 92 ^( 12071 ) 
s 2 + (120vr) 2 

Use a variation of the s-domain circuit in Fig.13.60, where 


L, = 


1 


H; 


12 

L„ = — H; 


iL = 12 0 


120vr 35vr 

i L (0) = —2.92-\/2A; i 2 (0) = -2.92\[2A 

The node voltage equation is 

q _ K — (Vg + *l( 0)T^) 14 + ^2(0)Zy Q 

sLi R a sL a 

Solving for 1+ yields 

VgRa/U 


V Q = 


+ 


-Ra[*i(0) - *2(0)] 


s + R a {L[ + L a )/L a Li] s + R a (Li + L a ) / LiL a 


- = 14407T 
Li 

Ra(U + La) _ 12( 120?r + 35^:) 






v 35?r 1 V 120?r ) 


= 14757T 


i L (0) - i 2 (0) = -2.92^ + 2.92v / 2 = 0 

14407t[25v / 2<s + 122.92^(12077)] 


K = 


js + 1475 tt)[s 2 + (120tt) 


+ 


Ko 


+ 


K* 


s + 1475tt s — jl207r s + j1207t 
/+ = -14.55^2 K-2 = 61.03y / 2 /— 83.15° 

.-. v„(t) = — 14.55v / 2e” 1475lTt + 122.06v / 2cos(12077f - 83.15°)V 

Check: 


n o (0) = (-14.55 + 14.55)v / 2 = 0 
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[b] 


20 

£ 15 

3 > 10 

05 

O 5 

> 

"a? 

| -5 

.2 -10 

i 

CD 

J -15 

-20 
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PSpice 

LI 

2.6526mH 


schematic 

Vo 

R2 x 

—wv- 

0.0001 


TOPEN = 0 
1 X 2 _ 

15 1 


u: 


VAMPL = 177.389441V 
FREQ = 60Hz 
TD = -0.532248ms 




f L2 

C 109.1348mH 


R3 

8 


“o 

PSpice output file 

*■*** 07/15/01 07:40:45 ************** ps p i ce Lite (Mar 2000) ***************** 

** Profile: "SCHEMATICl-tran" [ C:\shortcircuits\solutions\p9_76-SCHEMATICl-tran.sim ] 


CIRCUIT DESCRIPTION 


frdt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt + dt 


*■* Creating circuit file "p9_7 6-SCHEMATICl-tr an. aim. cir " 

*■* WARNING: THIS AUTOMATICALLY GENERATED FILE MAY BE OVERWRITTEN BY SUBSEQUENT SIMULATIONS 

‘Libraries: 

*■ Local Libraries : 

‘ From [PSPICE NETLIST] section of C:\Program Files\OrcadLite\PSpice\PSpice.ini file: 

.lib "nom.lib" 


‘Analysis directives: 

.TRAN 0 20ms 0 

■PROBE V(*) I(+) W(*) D( + ) NOISE(*) 

■INC p9_76-SCHEMATICl.net" 


**** INCLUDING p9_76-SCHEMATICl.net **** 

‘ source P9_76 

V_Vl NO0637 0 

f SIN 0 177.38 9441V 60Hz -0.532243ms 0 0 

L_Ll N00 637 NO1311 2.652 6mH IC=0 

L_L2 0 VO 10 9.1343mH IC=0 

l_Rl 0 VO 12 

!_R2 VO NO1311 0.0001 

!_R3 0 N01959 8 

£_U2 VO NO1959 Sw_tOpen PARAMS: tOpen=0 ttran=lu Rclosed=0.01 

t- Ropen—lMeg 

**** RESUMING p9_7 6-SCHEMATICl-tran.sim.cir **** 


. END 





6ns 
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[c] In Prob. 13.89 the line-to-neutral voltage spikes at 300-\/2 V. In part (a) the 
line-to-neutral voltage has no spike. Thus the amount of voltage disturbance 
depends on what part of the cycle the sinusoidal steady-state voltage is 
switched. 

P 13.91 [a] First find V, ; before /?/, is disconnected. The phasor domain circuit is 




Let (3 =-9 + 11.50°. Then 

v g = 125.43^(008 1207rt cos /3 — sin 1207rt sin j3 )V 
Therefore 

125 . 43 -^/ 2(5 008/3 — 120 ^ 8111 / 3 ) 

9 ~ s 2 + (120vr) 2 
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The s-domain circuit becomes 


SL, 


PiEf 

-C- 


sL 


v (?) 


V cl R : 


O KPz 


where p\ = ?(0 + ) and p 2 = * 2 ( 0 + ). 

The s-domain node voltage equation is 

Vo-{Vg + p lU) | Vp | V 0 + P 2 L 
sLi R a sL a 

Solving for V 0 yields 

CgR a /Li + (pi — P2)Ra 


= 0 


V n — 


g _|_ (Lg + Ll)Rg 


LnLj 


Substituting the numerical values 
1 


Li = —— H; 
120vr 


12 

L a = -H; 

35tt ’ 


R a = 12 


gives 


V„ = 


14407rV^ + 12(pi - p 2 ) 


(s + 14757r) 

Now determine the values of pi and p 2 . 

Pi = ?(0 + ) and p 2 = i 2 (0 + ) 
120 /— 9 


1 


R,, Rh,X a 
120 /— 6 


[(-Ra + Rb)X a — jR a Rb 
(20)(1440) 


96(1440/35) 


35 


j96 


= 25.17 /(-9 - 6.65)°A(rms) 


i L = 25.17^cos(1207rf - 9 - 6.65°)A 
i L (0+) = pi = 25.17v / 2cos(-0 - 6.65°)A 
P! = 25^008 0 - 2.92^sin0A 
120^? 35 

12 “ j(1440/35) “ 5 /( ~ 9 ~ 90) 


Rb = 8 fl; 
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35 

%2 = — V2 cos(1207rt — 0 — 90°)A 
35 

p 2 = *2(0 + ) = — — \/2sin0 = —2.92\/2 sin 0A 

pi — P 2 = 25V2 cos 9 
(pi — P2)Ra = 300-^/2 008 0 


1440vr 300^ cos 9 

s + 14757T 9 s + 14757T 


14407T 125.43^(5 cos 0 — 1207T sin / 3) 

s + 1475tt s 2 + 14,400 tt 2 


300-V/2 cos 9 
+ s + 14757T 


Ki + 300-\/2 cos 0 
s + 14757T 


+ 


AT, 


+ 


K* 


s—j 1207T S+j’1207T 


Now 

_ (1440vr) (125.43^) [—1475vr cos/5- 120 tt sin /?] 
11 “ 1475% 2 + 14,400vr 2 


_ -1440(125.43^)[1475 cos /3 + 120 sin 0] 
1475 2 + 14,400 

Since 0 = — 0 + 11.50°, A'i reduces to 
ATi = —121.18\/2 cos 0 — 14.55\/2sin0 


From the partial fraction expansion for V 0 we see v„(t) will go directly into 
steady state when K\ = —300^/2 cos 0. It follow that 

—14.55 V2 sin 0 = -178.82^008 0 


or tan0 = 12.29 

Therefore, 0 = 85.35° 

[b] When 0 = 85.35°, 0 = -73.85° 

_ 1440^(125.43^) [-120tt sin(-73.85°) + jl20vr cos(-73.85°) 
2 “ (1475vr +jl20vr)(j2407r) 

_ 720^(120.48 + ^34.88) 

~~ -120+ j 1475 

= 61.03^2 /- 78.50° 

= 122.06^cos(1207rt - 78.50°)V t > 0 
= 172.61 cos(120vrt - 78.50°)V t > 0 


v, 
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[c] v 0 \ = 169.71 cos(120vrt - 85.35°)V t < 0 
Vn 7 = 172.61 cosfl20vrt - 78.50°)V t > 0 
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PSpice schematic 


LI 


2.6526mH 


R2 

0.0001 


Vo 


PARAMETERS: 

Rb = 12 


TOPEN = 0 


_>C. 

n > 


2 _ 


VAMPL = 177.389441V £ 

-VI 

9 s 

l R1 | 

f 

L2 I 

109.1348mH >’ 

FREQ = 60Hz 


{Rb} 


TD = -0.747577ms 



1 


0 


R3 

8 


PSpice output file 

** Creating circuit file "p9_77-SCHEMATIC1-tran.sim.cir" 

** WARNING: THIS AUTOMATICALLY GENERATED FILE MAY BE OVERWRITTEN BY SUBSEQUENT SIMULATIONS 

*Libraries: 

* Local Libraries : 

* From [PSPICE NETLIST] section of C:\Program Files\OrcadLite\PSpice\PSpice.ini file: 

.lib "nom.lib" 


*Analysis directives: 

.TRAN 0 20ms 0 
■STEP PARAM Rb LIST 4.8 12 

■PROBE V( + ) I(*) W( + ) D(*) NOISE(*) 

■INC ".\p9_77-SCHEMATICl.net" 


**** INCLUDING p9_77-SCHEMATICl.net **** 

* source P9_77 

V_V1 NO0637 0 

+SIN 0 177.389441V 60Hz -0.747577ms 0 0 
L_L1 NO0 637 N01311 2.652 6mH IC=0 

L_L2 0 VO 10 9.1348mH IC=0 

R_R1 0 VO {Rb} 

R_R2 VO N01311 0.0001 

R_R3 0 NO1959 8 

X_U2 VO NO1959 Sw_tOpen PARAMS: tOpen=0 ttran=lu Rclosed=0.01 

+ Ropen=lMeg 
.PARAM Rb—12 

**** RESUMING p9_77-SCHEMATICl-tran.sim.cir **** 


. END 
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Introduction to Frequency-Selective 

Circuits 


Assessment Problems 


AP 14.1 f c = 8 kHz, u c = 2irf c = 167rkrad/s 


UJc= ~RC ] = 10 kO; 


C = — =-= 1.99 nF 

u c R (167t x 10 3 )(10 4 ) 


AP 14.2 [a] u c = 27 rf c = 27r(2000) = 47rkrad/s 
L = — — A-r- = 0.40 H 


[b] Hiju) = 


U r . 40007T 

U c 40007T 


U c + ju 40007T + ju 
When u = 2vr/ = 2vr(50,000) = 100,OOOvr rad/s 


FT(jl00,0007r) = 


40007T 


40007T + jl00,0007r 1 + j 25 

.'. |FT(j100,0007t)| = 0.04 
[c] .'. 0(100,OOOvr) = -87.71° 

AP 14.3 u r = ^r = —— = l.43Mrad/s 


= 0.04 /- 87.71° 


L 3.5 x 10 


-3 


14-1 
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1 10 6 10 6 

AP14.4 [a]Wc= _ = _ = M = 10 kr ad/s 
10 6 

[b] Uc = Winn = 200 rad/s 

5000 

10 6 

[c] lu c =- 7 = 33.33rad/s 

3 x 10 4 

AP 14.5 Let Z represent the parallel combination of (1 /sC) and R L . Then 
^ Rl 


(RlCs + 1 ) 
Thus H(s) = - 


Z R l 

R + Z R(R l Cs + 1) + R l 

il/RC) _ (1 /RC) 

s+ R±Al^i_^ 


where K = 


R + Rl 


AP 14.6 LC so L 7 (24jt x 10 3 ) 2 (0.1 x 10- 8 ) 176mH 

= ^ sQ fi= aq = (24xxl0 2 )(L76xlO- 2 ) ^ 22ion 
P R/L Q 6 

AP 14.7 = 2vr(2000) = 4000vrrad/s; 

P = 2vr(500) = lOOOvr rad/s; R = 250 ft 

1 „ 1 1 


= 4.97 mH 


RC 

so 

C = 

PR 

(lOOOvr) (250) 

1 

en 

T, — 

1 

10 6 

: LC 

oU 

1 J — 

^ 0 C 

“ (4000vr) 2 (1.27) " 

1 

on 

T - 

1 

1 

: LC 


±J - 

;C 

” ( 10 4 vr) 2 ( 0.2 x 10 

1 

c n 

/? - 

i 

1 

RC 


1 L — 

pc ~ 

400vr(0.2 x 10" 6 ) ' 


= 5.07 mH 


= 3.98 kfl 
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AP 14.9 ui = 


LC 


so L — 


uj 2 0 c (4ooott) 2 (o.2 x io~ 6 ; 


= 31.66 mH 


fo _ 5 x 10 3 _ _ 

Q ~ (3 ~ 200 “ 5 “ 


.'. R = 


Q 25 

u~C ~ (4000vr)(0.2 x IQ- 6 } 


= 9.95 k!2 


AP 14.10 


uj 0 = 80007T rad/s 


C = 500 nF 


^ = lc 50 L = ^c =3A7mli 


U) 0 1 

T' O 


(3 R u 0 CR 


R = 


u) 0 CQ (8000vr)(500 x 10" 9 )(5) 


= 15.9212 


AP 14.11 


= 2t :f 0 = 2vr(20,000) = 40 tt krad/s; R = 10012; Q = 5 


u j 0 u 0 L RQ 100 

Q = — = -7737 so L — -= “77 - 77^7 = 3.98 mH 


(3 RC 


U D 407T X 10 3 


U °=LC SO C = 


uj 2 L (40vr x 10 3 ) 2 (3.98 x lO’ 3 ) 


= 15.92 nF 
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Problems 


jd 197 

P 14.1 [a] to c = — — 3 = 12.7krad/s 

L 10 x 10~ 3 

„ tv c 12,700 

f c = — = —- - = 2021.27Hz 


[b] H(s) = 

H(M = 


2n 2i t 

ou c _ 12,700 

s + l o c s + 12,700 

12,700 


12,700 + joj 


12 700 

H(jur) = - ! -= 0.7071/- 45° 

\J cj 10 7nn , --io 7nn L - 


12,700 +j'12,700 
12 700 

H( j0.2u r ) = --— 1 -= 0.981/- 11.31° 

u ; 12,700 + /2540 L - 

12 700 

H(j5u c ) = -—-= 0.196/- 78.69° 

J CJ 12,700 +j63,500 L - 

[c] v a (t)\ Ue = 7.07cos(12,7001 - 45°) V 

v 0 (t) |o.2a, c = 9.81 cos(25401 - 11.31°) V 

v 0 (t)\ 5(Vc = 1.96 cos(63,5001 - 78.69°) V 

R 

P 14.2 [a] u) Q = — = 20007T rad/s 

JU 

R = Lu 0 = (0.005) (2000tt) = 31.42 ft 
[b] R e = 31.421|270 = 28.14 ft 
Re 

^loaded = ~j~ = 5628 rad/s 

• •• /loaded = = 895.77 Hz 

Ztt 

P 14.3 Note: add the resistor to the cirucit in Fig. 14.4(a). 


[a] H( S ) = ^ = 


R 


( R/L ) 


Vi sL + R + Ri s + (R + Ri)/L 



Problems 


14-5 


P 14.4 


[b] H(jou) = 


( R/L) 


\H{ju)\ = 


+j(J 
(R/L) 




+ cu 2 


\H(ju>)\ max occurs when lu = 0 

R 

[c] \H(jw)\ max = 

[d] \H(ju c )\ = 


R + Ri 
R 


R/L 


"1 = 


\/2 (R + Ri 


R + Ri 

Z 


/(W+ 


cuf 


cc c — (i? + R/)/L 


[e] Note - add 75 Q resistor in series with the 10 mH inductor. 
127 + 75 


LU r = 


0.01 


= 20,200 rad/s 


H(jcu) = 


12,700 


20,200 + ju 
H(jO ) = 0.6287 

D 6287 

i7(j’20,200) = ' /— 45° = 0.4446 /- 45° 

V2 

12 700 

i7(7'6060) = ---= 0.6022/- 16.70° 

J J 20,200 + ^6060 Z - 

12 700 

H( 760,600) =---= 0.1988/- 71.57° 

J ; 20,200 +j60,600 L - 


[a] lu c = 


RC (10 3 )(100 x 10" 9 ) 


= lOkrad/s 


LU r 


f c = — = 1591.55 Hz 
J 2vr 


[b] H(jcu) = 
H(jlu) = 


LU r 


10,000 


H(jlu c ) = 


s + lu c s + 10,000 

10,000 
10,000 + juu 

10,000 


10,000 +jio,000 


= 0.7071 /-45° 
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P 14.5 


H(j 0.1u c ) = 
H(j 10u c ) = 


10,000 


10,000 + jlOOO 

10,000 


= 0.9950 /- 5.71° 

= 0.0995 /- 84.29° 


10,000 +jlOO,000 

[c] v a (t)\ Ue = 200(0.7071) cos(10,000t - 45°) 

= 141.42 cos(10,000t - 45°) mV 
v 0 (t) |o.i Wc = 200(0.9950) cos(1000t - 5.71°) 

= 199.01 cos(1000t - 5.71°) mV 
v 0 (t)\ 10uc = 200(0.0995) cos(100,000t - 84.29' 
= 19.90 cos(100,000t - 84.29°) mV 
R L (l/sC) R l 


[a] Let Z = 


Then H(s) = 


Rl + 1/sC RlCs + 1 
Z 


Z + R 


Rl 


RRlCs + R + Rl 

(i /RC) 


[b] \H(ju)\ = 


R + Rl 
rr l c 

(1 /RC) 


\Jcj 2 E [(R + Rl)/RRlC} 2 
\H{ju)\ is maximum at u = 0 
Rl 


[c] \H(juj)\ max 

[d] \H(jcu c )\ = 


R + Rl 
Rl 


(i /RC) 


V2(R+Rl) ^/u; 2 + [{R + Rl)/RRlC} 2 




[e] c o c = 


( 10 3 )(10 


— [1 + ( 10710 4 )] = 10,000(1 + 0.1) = 11,000 rad/s 


H(j0) = 10 ^° 00 = 0.9091/T 

u ’ 11,000 
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P 14.6 


P 14.7 


H(jujc) = 


10,000 


H(j0.1u c ) = 
H(jlOu c ) = 


11,000 + jii, ooo 

10,000 


11,000 + jllOO 

10,000 

11,000 + jlio, 000 


= 0.6428 /-45° 

= 0.9046 /- 5.71° 

= 0.0905 /- 84.29° 


lo c 50,000 50 

2tt 


[a] f c = = 7T/++ = + xl0 3 = 7957.75Hz 


27r 27T 

[b] = 50 x 10 3 


R = 


(50 x 10 3 )(0.5 x 10~ 6 ) 


= 40 


[c] U7 C = 


RC 

R 


1 + 


R 

Rt. 


rC 0M 

Rl 


.-. R L = 20R = 800 n 
800 


[d] H(j 0) = -^+ = ^ = 0.9524 
y ’ R + R l 840 


[a] 


RC (50 x 10 3 )(5 x 10- 9 ) 


= 4000 rad/s 


f c = = 636.62 Hz 


2vr 


[b] H{s) = 


S + UJ C 


H(M = 




4000 + juj 


H{ju c ) = H{j 4000) = 


j4000 


4000 + j'4000 


H(j0.2u c ) = H(j 800) = 


j'800 


4000 + j'800 


= 0.7071/45° 


= 0.1961 /78.69° 


H(j5u r ) = H(j20, 000) =- j20,0Q0 -= 0.9806/11.31° 

; ; 4000 +j20,000 L - 

[c] v 0 (t)\ Ue = (0.7071)(500) cos(4000t + 45°) 

= 353.55 cos(4000t + 45°) mV 

v o (t)\ 0 . 2 u c = (0.1961)(500) cos(800t + 78.69°) 

= 98.06 cos(800t + 78.69°) mV 

v a (t)\ 5 u c = (0.9806) (500) cos(20,000t + 11.31°) 

= 490.29 cos(20,000t + 11.31°) mV 
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P 14.8 


P 14.9 


[b] H(ju) = 


\H{ju)\ = 


K _ 

R 

Vi R+R c + (1/sC) 

R 

s 

R + R c 

[s + (l/(R+R c )C)} 

R 

ju 

~ R + R c 

ju + {l/{R + R c )C) 

i= * 

LO 


R + Rc ^ + {R + R C PCA 


The magnitude will be maximum when uo = oo. 
R 


[c] |iT(jcu)| max = 

[d] \H(jcu c )\ = 


R + R c 


RiO r 


••• \H(M\ = 


(R + Rc) ^lo 2 + [1/{R + R c )C} 2 
R 


y/2(yR + R c 
1 


when 


[e] uj c = 


(R + R c ) 2 C 2 
1 

(R + R c )C 
1 

(62.5 x 10 3 )(5 x 10~ 9 ) 

R 50 = 0.8 


= 3200 rad/s 


R + R r 62.5 


H(M = 


0.8jco 
3200 + juo 


H(juj c ) = (°- 8 )j' 320 ° = 0.5657/45° 
u } 3200 + j3200 L - 

H(j0.2uj r ) = (Q ' 8)j64Q = 0.1569/78.69° 

; 3200 + j640 L - 

H(j5co r ) = ^ 0,8 ) jl6,0Q0 = 0.7845/11.31° 
u cJ 3200+ j'16,000 L - 


[a] t o c = —— = 27r(300) = 6007T rad/s 
iiG 


.'. R = 


lo c C (600tt)(100 x lO" 9 ) 


= 5305.1612 
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[b] R e = 5305.161|47,000 = 4767.08 0 
1 1 


C U r = 


R e C (4767.08)(100 x 10" 9 ) 


= 2097.7 rad/s 


fc = wz = 


2097.7 


2n 27r 


= 333.86 Hz 


R 


P 14.10 [a] u c = y so R = u c L = (25 x 10 3 )(5 x 10" 3 ) = 125O 

jL/ 

R R 

[b] unloaded) = — • ——= 24,000 rad/s 


L R + 

unloaded) 24,000 


= 0.96 


R + R l u; c (unloaded) 25,000 
R l = 0.96(7? + R l ) 0.047? L = 0.967? = (0.96) (125) 

(0.96)(125) 


Ri = 


0.04 


= 3kO 


P 14.11 By definition Q = u n j 3 therefore 3 = u a /Q. Substituting this expression into Eqs. 
14.34 and 14.35 yields 


U 0 

u cl — - + 


2 Q \ \2Q 


( 


Uo \ 2 


UJ n 


Uc2 - + 


2 Q \ 




2Q + "° 


Now factor u 0 out to get 


CJ c i UJq 


1 

2 Q 



U c 2 — 


1 

(1 V 

2 Q + \ 

\W 


P 14.12 u 0 

fo 

P-- 

Q 


: = v / ( 121 )( 10 °) = 

— = 17.51kHz 
2tt 

121 - 100 = 21krad/s or 
110 


P 


21 


= 5.24 


HOkrad/s 


3.34 kHz 
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p 14.13 /3 = ^ 


50,000 

4 


12.5krad/s; 


12,500 
2t r 


1.99 kHz 


u7 C 2 = 50,000 



= 56.64 krad/s 


/c2 


56.64k 

2vr 


9.01kHz 


u7 c i = 50,000 



44.14 krad/s 


44.14k 

f cl = -= 7.02 kHz 

J 2 vr 


P 14.14 [a] uil — — sc ^ [ 8000 ( 2 j) p (5 x 10 _ 9) = 79.16 m H 

fl= ^L = 8000(2x)(79.16 xllH) =L99kn 

2 

[b] U = 8000 

[ 

[c] fc 2 = 8000 7 + 1 /I + - 


“4 + V 1 + l6 


= 6.25 kHz 


= 10.25 kHz 


[d] /3 = f c 2 ~ fcl = 4kHz 
or 

* fo 8000 

= —= 4kH Z 


P 14.15 [a] ut = 


= 10 


10 


LC (10 x 10- 3 )(10 x 10~ 9 ) 
c o a = 10 5 rad/s = 100 krad/s 

u> 10 5 

[b] f D = — = -= 15.92kHz 

J 2ir 2vr 

[c] Q = u 0 RC = (100 x 10 3 ) (8000) (10 x 10" 9 ) = 

[d] UJ C 1 = L0 o 


1 

(i y 


1 

/ 1 

~ 2 Q + \ 


= 10 5 

~16 + ' 

J 1 + 256 


<^cl 


= 93.95 krad/s 


[e] fa 


14.96 kHz 
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[f] ^c2 ~ 


1 

l 


l 4- —T 


2 Q \ \2Q 


= 10 5 

1 

—— + 1 

+ 

l ^ 
_ 1 


16 

/ 256 


= 106.45 krad/s 


<^c2 


[g] fc 2 = ^ = 16.94kHz 

2 71 

LO 10 5 

[h] (3 = — ^ = —— = 12.5 krad/s or 1.99 kHz 

Q 8 


P 14.16 [a] L = 


uj 2 0 C (50 x 10 _9 )(20 x 10 3 ) 2 
Q 5 


= 50 mH 


R = t - 77 -— = 5kfi 

u) Q C (20 x 10 3 )(50 x 10~ 9 ) 


[b] o; C 2 — uj 


1 

— + 


1 + ^ 


2 Q \| \2Q / 

= 22.10 krad/s 


= 20,000 


To + V 1 + 


100 


f c2 = — = 3.52 kHz 
J 2tt 


<^ci — <4 


1 + 


’ 2 Q \| 

= 18.10 krad/s .'. 


= 20,000 


“10 + V 1 + 


100 


f cl = — = 2.88 kHz 
J 2 vr 

[c] /3 = -77 = ^ = 4000 rad/s or 636.62 Hz 

Q 5 


P 14.17 [a] ujI = 


= 625 x 10 b 


LC (40 x 10~ 3 )(40 x 10~ 9 ) 
uj 0 — 25 x 10 3 rad/s = 25 krad/s 

fo = = 3978.87 Hz 

271 

[b] q = ”° L L = (25xl0 3 )(40 xl0- 3 ) = g 


R + R, 
[c] U c i = U, 


200 


1 


2Q ^ V + V 2 <2, 

= 22.62 krad/s or 3.60 kHz 



1 / 1 

= 25,000 

_ Io + V 1 + Too 


[d] w c2 = u, 


1 
^. I 


. 1 
1 + 7777 


2Q \ \2Q 

= 27.62 krad/s or 4.40 kHz 


= 25,000 


77 + ^ + 777 


10 


100 
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[e] (3 = ui C 2 — cud = 27.62 — 22.62 = 5krad/s 


Uo 25,000 7 oc; 77 u 

p = — =-= 5krad/s or 795.77 Hz 

Q 5 


P 14.18 [a] H{s) = 


(. R/L)s 


For the numerical values in Problem 14.17 we have 

4500s 


H(s) = 


s 2 + 5000s + 625 x 10 6 


••• H{ju) = 


4500 ju 

(625 x 10 6 - u 2 ) + j5000cu 


rr/ . , j4500(25 x 10 3 ) 

^ 3UJo) ~ j5000(25 x 10 3 ) “ °' 9/ ^- 

.-. v a (t) = 500(0.9) cos 25,000/ = 450 cos 25,000/ mV 

[b] From the solution to Problem 14.17, 

cud = 22.62 krad/s 

H (J 22.62k) = ^500(22.62 x 10^) = 

' (113.12 + j'113.12) x 10 6 L - 

.-. v 0 (t) = 500(0.6364) cos(22,620/ + 45°) = 318.2 cos(22,620/ + 45°) mV 

[c] From the solution to Problem 14.17, 

oj C 2 = 27.62 krad/s 

H (,27.62k) = 24500(27.62 X 101) = 

J ’ (-138.12 + j'138.12) x 10 6 L - 


.-. v a (t) = 500(0.6364) cos(27,620/ - 45°) = 318.2 cos(27,620/ - 45°) mV 


P 14.19 [a] 



480Q 


source | y - filter — 

[b] L = Z/ 2 C = (50 x 10 3 ) 2 (20 x 10- 9 ) = 2 ° mH 

^ = (50xl0 3 )(20 xl0- 3 ) = 

Q 6.25 


| load 
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[c] R e = 160 1| 480 = 120 0 

Re + Ri = 120 + 80 = 200 Q 

_ c o 0 L _ (50 x 10 3 )(20 x 10" 3 ) _ 

^ system “ R e + Ri ~ 200 ““ 

50 x 10 3 inl ^ 

[d] Psystem = -=---= 10krad/s 

W system ^ 

/?syst em (Hz) = = 1591.55 Hz 

Ztt 


P14 ' 20 [al Vi = YTr wherc z = y 

and Y = sC+\ + ^— = 
sL 


LCRls 2 + sL + Rl 
RlLs 


H(s) = 


[b] & = 


[c] Pu = 


RlLs 

RlRLCs 2 + (/?,+ Rl)Ls + RRl 

(1 /RC)s 

~ s2 + [(tt 1 ) (ife)] » + w 

(Pfc) (nSOGfe) 3 

' s2 +[( s sr‘)(4)] s + 55 
_ Kji, = Al 

s 2 + (3s + u; 2 ’ 1 R + R l 

R + Rl \ 1 
R l ) RC 

1 




r,i zy _ _ UJqRC 

[] Ql = 4=(le 

[e] Qf/ = lu 0 RC 


■ ' ■ Ql — 


[f] H(ju) = 


Rl 

R + Rl 
K jujfJ 


Qu - [i HWl' 


cu 2 — u; 2 + ju(3 


H(jcu 0 ) = K 
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Let oj c represent a cutoff frequency. Then 

lm . KUcfl 

1 v/2 jM-utr+uZP 

. J_ _ _ UcP _ 

V2 ~ ^4 - W 2)2 + U 2 P 2 

Squaring both sides leads to 

k 2 - ^ c 2 ) 2 = <40* or (cu 2 - cu 2 ) = ±u c f3 
■ tu 2 ± u c f3 - uj 2 0 = 0 


or 


u c = =F- ± 
2 


0 , . 0 * 


+ ^ 2 


The two positive roots are 


““ ” _ 2 + 


P . 


4 + W o an d ^c2 — ^ + 


0 , P 2 


+ 


where 


R 


P={1 + ir L )RC andU - = LC 


14.21 [a] u>l — —— — 


[b] P = 


LC (5 x 10~ 3 )(200 x 10~ 12 ) 
uj 0 = 1 Mrad/s 

R + R l 1 / 500 x 10 3 \ / 


= 10 


12 


U>, 


icj q - - 


R l RC V 400 x 103 ) V ( 100 x 10 3 )(200 x 10~ 12 ) 
10 6 


p 62.5 x 10 3 


= 16 


[d] H (ju> 0 ) = 


Rr 


= o.8^r 


R + Rl 

v Q (t) = 250(0.8) cos(10 6 f) = 200 cos 10 6 f mV 


[C] ' 3 ^ 1 + R l J RC 


= ( 1 + (50 x 10 3 ) rad/s 

Rl / 


uj 0 = 10 b rad/s 


Q = U a = 


20 


0 1 + (100 /Rl) 


= 62.5krad/s 


where Rl is in kilohms 
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P 14.22 


P 14.23 


ffl 



° LC (2 x 10 -6 )(50 x 10- 12 ) 
u i 0 = 100 Mrad/s 


Q u = u 0 RC = (100 x 10 6 )(2.4 x 10 3 )(50 x 10~ 12 ) = 12 

.'. ( Rl ) 12 = 7.5; .'. R l = —R = 4kfi 

\R + R l J ' L 4.5 

[a] In analyzing the circuit qualitatively we visualize as a sinusoidal voltage and 

we seek the steady-state nature of the output voltage v Q . 

At zero frequency the inductor provides a direct connection between the input 
and the output, hence v 0 = ry when to — 0. 

At infinite frequency the capacitor provides the direct connection, hence 
v a = Vi when uj = oo. 

At the resonant frequency of the parallel combination of L and C the 
impedance of the combination is infinite and hence the output voltage will be 
zero when u = u> 0 . 

At frequencies on either side of u a the amplitude of the output voltage will be 
nonzero but less than the amplitude of the input voltage. 

Thus the circuit behaves like a band-reject filter. 

[b] Let Z represent the impedance of the parallel branches L and C, thus 

sL(l/sC) _ sL 
~ sL + 1/sC ~ s 2 LC + 1 

Then 

R _ R(s 2 LC + l ) 

( ' S) Vi Z + R sL + R(s 2 LC + 1) 

_ [g 2 + (1 /LC)\ 

s2 + ( rc ) s + (zc) 
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The two positive roots of this quadratic are 



Also note that since (3 = u 0 /Q 



[e] It follows from the equations derived in part (b) that 

P = 1 /RC 

[f] By definition Q = u 0 /(3 = u a RC 



Problems 14-17 


P 14.24 [a] u Q w ( 50 x 10 - 6 )(20 x lO^ 9 ) 10 

u n = 1 Mrad/s 


[b] fo = ir = 159 - 15kHz 

Ztt 

[c] Q = u 0 RC = (10 6 )(750)(20 x 10" 9 ) = 15 

[d] ~ + , 1 + 1 ^) = l 0“ + 


= 967.22 krad/s 


[e] fcj = 0 = 153.94 kHz 

Zti 

m w<2 = "» 2^ + \ 1 + (2^ 


= 10 6 — + Jl + — 

30 V 900 


= 1.03 Mrad/s 


[g] fc 2 = tt~ = 164.55 kHz 

Zti 

[h] /3 = /c2- /ci = 10.61kHz 

P 14.25 [a] = 27r/ 0 = 8n krad/s 


L = —= - -— 7 ——-— = 3.17mH 

uj 2 q C (8000vr) 2 (0.5 x 10~ 6 ) 

R = 7 -ry 5 -- = 397.89 n 

oo 0 C (8000vr)(0.5 x 10" 6 ) 


[bl fc2 ~ fo 2Q + \ 1+ l2Q 


= 4000 — + W1 +- 

10 V 100 


= 4.42 kHz 


/cl fo 7 


1 / 1 

= 4000 -M/1 +- 

10 V 100 


= 3.62 kHz 


[c] P = U-U = 800 Hz 


Q 5 
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P 14.26 [a] R e = 397.891| 1000 = 284.63 9 

Q = uj 0 R e C = (80007r)(284.63)(0.5 x 10" 6 ) = 3.58 

[b] p= ^ = 1.12kHz 


Q 3.58 
1 


[c] f c2 = 4000 


[d] f cl = 4000 


7.15 


+ \ 1 + 


7.15 2 


= 4.60 kHz 


7.15 


+ \ 1 + 


7.15 2 


= 3.48 kHz 


P 14.27 [a] Let Z = 


Z = 


R l (sL+(1/sC )) 
Rl T- sL + (1 / sC) 

R l (s 2 LC + 1) 
s 2 LC + R l Cs + 1 

V 0 


Then H(s) § - 


s 2 R l CL + R l 


Vi (R + R l )LCs 2 + RR l Cs + R + R l 


Therefore 


H(s) = (- 


( Rl ) 

i . ^ 

2 + (1 /LC)\ 

\R + Rl) 

i 

•S 2 + 1 

( RRl ) 
{ R+Rl) 

1 - + — 

1 L ^ LC\ 


where K = 


K(s 2 + co 2 ) 
s 2 + /3s + u 2 0 

RL 

R + Rl 


’ U} ° LC ’ 


*=( 


RRl 
R T- Rl ) L 


[b] u 0 = 

[c] (3 = 


1 

Vlc 
RRl \ 1 
R + Rl ) L 


u 0 L 

[R 

K{u 2 0 - u; 2 ) 


[d] Q (3 [RR l /(R + Rl)} 

[e] H(juj) = 


k 2 -uj 2 )+ j(3u> 
H(ju 0 ) = 0 


m h(j o ) = 


Kul 


ui 


= K 
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[g] H{ju) = 


K 

(cU 0 /a;) 2 - 1 


{ 

£ 

© 

lr 

to 

1 

+ jP/u} 


-K 

H(j oo) = —- = K 


[h] H(juj) = 


-1 

K{ul - cu 2 ) 


k 2 - ^ 2 ) + j 

H(j 0) = H(joo) = K 

Let to c represent a corner frequency. Then 

I H(M)\ = -L 


K 


A^ 2 - cu 2 ) 


v/2 ^2 _ u 2)2 + J202 

Squaring both sides leads to 

K 2 - ^c 2 ) 2 = u lP 2 or k 2 - cu 2 ) = ±u) c (3 
■ cu 2 ± cu c /? - cu 2 = 0 

or 


The two positive roots are 

p , fp- ' 


0 


Uci — ~ ^ + V ^7 + % an d ^c2 — ^ + 


where 

0 = 


1 , 2 1 
f?T^-Z and ^ = Zc 


//3 2 2 
T'^ 0 


P 14.28 [a] ^ = — = 


= 0.25 x 10 18 = 25 x 10 


LC (10 _6 )(4 x 10~ 12 ) 
uj 0 = 5 x 10 8 = 500 Mrad/s 


U6 


P = 


RRr 


(30)(150) 


R + Rl L 


180 


10- 6 


= 25 Mrad/s = 3.98 MHz 


^ = 500M 
v (3 25 M 
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[bl =sfk = is= 0 8333 


# (j°°) = = 0.8333 

250 r i / r~ 

W/ - = - iO + f + ISo =8159 MHz 


f c2 = — + J1 + - 1 — = 77.61MHz 

■ /c2 7T 40 V 1600 

Check: f3 = f c2 - f c 1 = 3.98 MHz. 

M1 ~ 500 xio 6 

[d] Q = ^= rr l 1 

' L 

_ 500 (i? + i? L ) _ 50 / 30 \ 

RRl 3 V Rl) 

where is in ohms. 


P 14.29 [a] uj 2 q = — = 10 12 


RL (ohms) 


• L =--r--— = 2.5mH 

(10 12 )(400 x 10- 12 ) 


R + Rj 


= 0.96; .-. 0.04i? L = 0.967? 


R l = 24R .'. R= 3 ^^- = 1.5 kfi 

24 

[bl/? =(«fk) ii 'L = 576 x 103 


Q = — = ___= 1 74 

^ /3 576 x 10 3 
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P 14.30 Refer to Sections E.5 and E.7. 

[a] u n = 10 5 

2( u n = 50,000, C = 0.25 

c o 0 = V2u)p = V2u n \Jl — 2( 2 = 132,287.57rad/s 
.'. u = 0 


u = 132,287.57 rad/s 
[b] u p = u n \jl — 2( 2 = 93,541.43 rad/s 
P 14.31 [a] Use the cutoff frequencies to calculate the bandwidth: 

u c i = 2 tt( 697) = 4379.38 rad/s u c2 = 2vr(941) = 5912.48 rad/s 

Thus (3 = u c2 — u c \ = 1533.10 rad/s 


Calculate inductance using Eq. (14.32) and capacitance using Eq. (14.31): 

R _8gO_ = a39H 

p 1533.10 

1 1 

Lu c 1 u c2 ~ (0.39)(4379.38)(5912.48) “ °’ 10 ^ F 

[b] At the outermost two frequencies in the low-frequency group (687 Hz and 941 
Hz) the amplitudes are 

lw I _ IT/ I _ l^peakl _ n _ n _i T ^ i 


= |Vk 


= 0.707|U peak | 


because these are cutoff frequencies. We calculate the amplitudes at the other 
two low frequencies using Eq. (14.32): 


\V\ = (\V peak \)(\H(ju)\) = \V peak \- 


(u 2 - u 2 ) 2 + ( u/3) 2 


Therefore 


1^770Hz| — |Cpeak|' 


(4838.05)(1533.10) 

/ (5088.52 2 - 4838.05 2 ) 2 + [(4838.05)(1533.10)p 


= 0.948|U peak | 


and 

| ^852 Hz 


| Cpeak | 


(5353.27)(1533.10) 

(50 88.52 2 - 53 53.27 2 ) 2 + [(5353.27)(1533.10)] 2 


= 0.948|U peak | 
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It is not a coincidence that these two magnitudes are the same. The frequencies 
in both bands of the DTMF system were carefully chosen to produce this type 
of predictable behavior with linear filters. In other words, the frequencies were 
chosen to be equally far apart with respect to the response produced by a linear 
filter. Most musical scales consist of tones designed with this same property - 
note intervals are selected to place the notes equally far apart. That is why the 
DTMF tones remind us of musical notes! Unlike musical scales, DTMF 
frequencies were selected to be harmonically unrelated, to lower the risk of 
misidentifying a tone’s frequency if the circuit elements are not perfectly linear. 

[c] The high-band frequency closest to the low-frequency band is 1209 Hz. The 
amplitude of a tone with this frequency is 

, (I , , (7596.37)(1533.10) 

| V 1209 Hz | — | V peak | — / 

(50 88.52 2 - 7596.37 2 ) 2 + [(7596.37)(1533.10)] 2 

= 0.344|U peak | 

This is less than one half the amplitude of the signals with the low-band cutoff 
frequencies, ensuring adequate separation of the bands. 

P 14.32 The cutoff frequencies and bandwidth are 

u Cl = 2vr(1209) = 7596 rad/s 
u C2 = 27r(1633) = 10.26 krad/s 


(3 = uj C2 — u Cl = 2664 rad/s 


Telephone circuits always have R = 600 Q. Therefore, the filter’s inductance and 
capacitance values are 

R 600 

L = — = -— = 0.225 H 


C = 


(3 2664 

1 




= 0.057 /jE 


At the highest of the low-band frequencies, 941 Hz, the amplitude is 


|vg = |u peak |- 


lu/3 


sj (cu 2 - u 2 ) 2 + lu 2 /3 2 
where lu q = y/LU Cl LU C2 . Thus, 

|U peak |(5912)(2664) 


\V U \ = 


^[(8828)2 - (5912) 2 ] 2 + [(5912)(2664)] 2 
= 0.344 |U peak | 
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Again it is not coincidental that this result is the same as the response of the 
low-band filter to the lowest of the high-band frequencies. 

P 14.33 From Problem 14.31 the response to the largest of the DTMF low-band tones is 
0.9481 Vpeak|• The response to the 20 Hz tone is 


1^20 Hz 


_ [Vpeak | (125.6) (1533) _ 

[(5089 2 - 125.6 2 ) 2 + [(125.6)(1533)] 2 ] 1 / 2 


= 0.00744| Vpeakl 


0.00744|H ring -p eak 

0.948 1 VoTMF-peak | 


| ^ring-peak I — 63.71 Vl)TMF-peak | 


Thus, the 20 Hz signal can be 63.7 times as large as the DTMF tones. 
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Active Filter Circuits 


Assessment Problems 


AP 15.1 H(s) 


—{R2/Ri)s 

s + (1/RiC) 


1 = 1 rad/s; Ri — 1O, C— IF 

R\C 


R'2 

Ri 


1 , . . R '2 — R \ — 1 


-^prototype ('§) 


—S 
S + 1 


AP 15.2 H{s) 


-(1 /RiC) 

S + (I/R 2 C) 


- 20,000 
s + 5000 


—= 20,000; C = 5 /jF 

jxxO 


Ri = t x^ = ion 
(20,000)(5 x 10~ 6 ) 


1 

IhC 


5000 


R 2 


1 

(5000) (5 x 10- 6 ) 


40 n 


15-1 
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AP 15.3 oj c = 27 t/ c = 2vr x 10 4 = 20,OOOvr rad/s 


kf = 20,OOOvr = 62,831.85 


0.5 x 10" 6 = 


U _ _ = 81 88 

‘ ' m (0.5 x 10- 6 )(62,831.85) 


AP 15.4 For a 2nd order prototype Butterworth high pass filter 


H(s) = 


s 2 + V 2 s + 1 


For the circuit in Fig. 15.25 


H(s) = 


S ~ + (i? 2 c) S + ( Hi R 2 C 2 ) 


Equate the transfer functions. For C = IF, 


- V‘2; R '2 = V~2 = 1.41412 


Rtkc^ 1 ’ «. = ^ = o-rorn 


AP 15.5 Q = 8, K = 5,cu 0 = 1000 rad/s, C = 1 /jF 
For the circuit in Fig 15.26 


H(s) = 


2 ( 2 \ ( Rl + Vl 

S ~ + \R 3 c) S+ \R 1 R 2 R 3 C 2 
K/3s 

S 2 + /3S + U7 2 


R.\ = 


(3 = ^ = — = 125 rad/s 
($ 8 
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2 x 10 6 

(125)(1) 


16 kfl 


K/3 = 


1 

RRJ 


R ' K/3C 5(125)(1 x 10- 6 ) L6kfi 


Ri + R r 2 

RiR 2 R 3 C 2 


10 6 = 


(1600 + R 2 ) 


(1600) (-R 2 ) (16,000) (10~ 6 ) 2 
Solving for R 2 , 

(1600 + f? 2 )10 6 


Ro = 


256 x 10 5 
AP 15.6 lv 0 = 1000rad/s; <5 = 4; 

C = 2 flF 
H(s) = - 


, 246f? 2 = 16,000, i? 2 = 65.0411 


s 2 + (1 /R 2 C 2 ) 


s 2 + 


R = 


4(1 ~ o') 

RC 

= s z + 
s 2 + /3s + cu 2 ’ 

1 1 


s + 


f? 2 C 2 

1 




(1000) (2 x 10" 6 ) 


RC 1 
= 50011 


(3 = ~ = 1000 = 250 

<5 4 


4(1-q~) 

RC 


= 250 


0 = 


4(1 - o') 

RC 


4(1 - a) = 250f?C = 250(500)(2 x 10” 6 ) = 0.25 
0.25 

1 — a =-= 0.0625; a = 0.9375 

A ‘ 
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Problems 


P 15.1 Summing the currents at the inverting input node yields 


0 -Vi 0-K 

Zi Zf 

• Ys. = 

Zf Zi 




P 15.2 


R2(1/sC 2 ) R 2 

f [R 2 E (1 /sC 2 )\ R 2 C 2 s + 1 

(1 /C 2 ) 

s + (1/ R 2 C 2 ) 

Likewise 

= (1/CQ 

s + (1/ R\C\) 

TT( \ _ -(1/^2 )[-S + (l/-RlG)] 

[s + (1 / R 2 C 2 )\{1 / C\) 

C 1 [s + (l/R 1 C 1 )\ 

C 2 s + (1/ R 2 C 2 ) 


[b] H(juj) 

H(jO) 


[c] H(joo) 


-C 1 ! 

^2 

-Cl 

C 2 

_Ci 

C 2 


ju: + (1/ R\C\) 
juj + (1/ R 2 C 2 ) _ 

/ R 2 C 2 \ _ — r 2 
\rrTJ ~ 



[d] As u —» 0 the two capacitor branches become open and the circuit reduces to a 
resistive inverting amplifier having a gain of —R 2 /R\. 

As u —» 00 the two capacitor branches approach a short circuit and in this case 
we encounter an indeterminate situation; namely v n — > v., but v n = 0 because 
of the ideal op amp. At the same time the gain of the ideal op amp is infinite so 
we have the indeterminate form 0 • 00. Although cu = oc is indeterminate we 
can reason that for finite large values of u will approach —C\/C 2 in 

value. In other words, the circuit approaches a purely capacitive inverting 
amplifier with a gain of (— 1/juiC 2 ) / {1/juCi) or —C\jC 2 . 



Problems 15-5 


P 15.3 


P 15.4 


P 15.5 


[a] Z, = 

Zi = 


(1 /C 2 ) 

s + (1/ R 2 C 2 ) 

R\ H—= —[s + (1/ R\C\)\ 

SO]_ S 


H(s) 


[b] H(juj) 


(Vgg) _ * 

[s+(1/R 2 C 2 )\ R^s + il/RiCi)] 

1 s 

R 1 C 2 [s + {1/R 1 C 1 )][s + (1/R 2 C 2 )] 
1 __ 

Rl ° 2 + Wed ( JUJ + Rk) 


H(j 0) = 0 

[c] H(joo) = 0 

[d] As u —» 0 the capacitor C\ disconnects v t from the circuit. Therefore 

v 0 = v n = 0. 

As u —* 00 the capacitor short circuits the feedback network, thus Zf 
therefore v a = 0. 


[a] K = 10 (10/20) = 3.16 = ^ 

R 1 


R 2 = 
Ri = 


1 

C 0 c C 

Rf2_ 

K “ 


(2vr)(10 3 )(750 x 10" 9 ) 
212.21 


3.16 


= 67.11 Vt 


212.2m 


[b] 


-it— 

750 nF 


-Wv- 

212.2in 



u c C (2tt)( 8 x 10 3 )(3.9 x 10" 9 ) 

K = 10 (14 / 2 °) = 5.01 = § 

R\ 

.'. R 2 = 5.01i?i = 25.57kfl 


5.10kfl 


0 and 
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P 15.6 


[b] 



For the RC circuit 



(i /RC) 
s + (1 /RC) 


R' = k m R ; 


C' = 


C 


kmkf 


R'C' 


k R-°- 

A/ m it 

kmkf 



1 

k f 


1 

R 7 C' 


kf 


H\s) 


(1 /R'C) 
s + (1 /R'C) 


k f 

s + k f 


H'(s) = 


1 


For the RL circuit 


*« = £= R,L 


V,i s + (. R/L ) 


r 

A 'n 


i?/ = L' = -^L 

k f 

R' k m R , (R 


L' ^ l kf \Lj kf 


H\s) = 
H\s) = 


( R'/l') _ k f 


s + {R'/L') s + kf 
1 
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P 15.7 


P 15.8 


For the RC circuit 


*«=£= s 


Vi s + (1 /RC) 
C 


R' = k m R ; C' = 


kmkf 


B!C = RC 1 


k f k f * R'C 


= k f 


H\s) = 


S = s = (. s/kf) 

s + (l/R'C) s + kf (s/kf) + l 


For the RL circuit 


H(s) 


s 

s + (R/L) 


R' = k m R ; 


L' = 


k m L 

kf 



= kf 


H'(s) = S = S = 

s + (R' / L') s + kf (s/kf) + 1 


77 ( S ) 


(R/L)s 

s 2 + (R/L)s + (1/LC) 


/3s 

s 2 /3s + cUg 


For the prototype circuit tu 0 = 1 and (3 — uj 0 /Q — 1/Q. 
For the scaled circuit 


7T( S ) 


(R'/L')s 

s 2 + (i?'/L')s + (1/L'C") 


where R! = k m R: L' = and C' 

kf 


C 

kfk 


m 



l 

Itc 7 


kfkm _ kf ^ 2 

LC f 

k f 
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therefore the Q of the scaled circuit is the same as the 0 of the unsealed circuit. 
Also note j3' = kf/3. 


H'(s) = 


1 

(*C 
\Q j 

1 s 

s 2 + ( 

fk f\ 

kQ) 

s + k 2 


H'(s) = -T 


m 


te) + h(kf) + 1 

P 15.9 [a] L = 1H; C = IF 


R = — — — = 0.05 0 
Q 20 


u' 


[b] k f = -^= 40,000; 
LJ 0 

Thus, 


R! 5000 

k rn = — = = 100,000 


R 0.05 
R! = k m R = (0.05) (100,000) = 5kO 


L' = —L = 100^000(1) = 2.5 H 
k f 40,000 v ' 


C' = 


C 


[c] 


k m k f (40,000) (100,000) 

25 OpF 2.5H 


= 250 pF 


*-ih-- 

-• 

+ 

+ 

5kQ S 

> 

s- 

v - 1 

V 

1 

0 

*-- 

'-* 


P 15.10 [a] Since c c 2 = 1/LC and u Q = 1 rad/s, 

C= I = I 

L Q 


[b] H(s) 


(. R/L)s 

s 2 + (R/L)s + (1/LC) 


H(s) 


(1 !Q)s 

s 2 + (1 /Q)s + 1 



Problems 


15-9 


[c] In the prototype circuit 

R= lft; L = 16H; 
R' 


C =-= 0.0625 F 

Ju 


(J)' 


k rn = — = 10,000; k f = -^ = 25,000 

it UJo 

Thus 

R' = k m R = 10 kQ 

U= —L = 10^00(16) = 6.4H 
k f 25,000 v ; 


C' = 


c 


0.0625 


k m k f (10,000) (25,000) 


= 250pF 


[d] 


♦-it—— 

2 C 9 pF 

6 4 H 


—* 

1 

lOkH . 

'tr 


■ *— -— 



—* 


[e] H\s) = 


16 \ 25,000 / 


( ) + 2- ( ) + 1 

V 25,000 J — 16 V 25,000 J ~ 


H'(s) = 


1562.5 s 

s 2 + 1562.5s + 625 x 10 6 


P 15.11 


[a] Using the first prototype 

lu 0 = 1 rad/s; C = 

_ R! _ 40,000 _ 
m ~ ~R ~ 25 “ 


IF; 

1600; 


L = 1H; R = 25 U 
uj' 

k f — — — 50,000 


Thus, 

u i non 

R' = k m R = 40 kU; L' = -^L = ——(1) = 32mH; 

kf 50,000 


C' 


c 

kmkf 


1 

(1600)(50,000) 


12.5 nF 


Using the second prototype 
uj 0 = 1 rad/s; C — 25 F 

L = ^ = 40 mH; R = 1 U 
25 
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k m — ^ = 40,000; 

Thus, 

R' = k m R = 40kf2; 


u' 

k f = -^ = 50,000 
u 0 


L’ 


h 

rXj m j 

¥ 


40,000 

50,000 


(0.04) 


c = 


c 


25 


k m k f (40,000) (50,000) 


= 12.5 nF 


[b] 


-VA- 

40kfi 


V . 


32 mH 


T 12.5nF 


P 15.12 For the scaled circuit 


s 2 + 


H'(s) = 

s 2 

+ \V) 

ll = 

C 

kf 

1 


' ' L’C ' 

LC ’ 

• E! r 
.. - = k 

>(!) 




c 


k m k 




= R' = kmR 


It follows then that 


H’(s) = 



i 


) 2 

+ 

(A) 

i 

[(#) 

2 t 
1 +( 

t) 

~( 

t) 

1 + 1 

(*)] 


HWU/t, 


P 15.13 For the circuit in Fig. 15.31 


H(s) 



-I-2-4- 

^ RC ^ 



32 mH 
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It follows that 


s 2 + — 

H'(s) = _ L ' c ' _ 

’ S 2 + -5- + — 

5 ' R’C ' L’C’ 


where R' = k m R ; 1/ = -r^L; 

k f 


' ' L’C LC 
1 = 

R!C' RC 


H'(s) = 


s 2 +(£ 


S2 + (lc) S + LC 

_ G|) + zf? 

(j&) + (i^) {ff) + 


P 15.14 [a] For the circuit in Fig. PI 5.14(a) 


V 6 t s 2 4- 1 

//(V) = _!£ = _s_ = _ 6 + _ 

() « i + s+ i «’ + (*)•+! 

Q s 

For the circuit in Fig. PI5.14(b) 

u( ^ _ Vo _ Q s + 7 

W “ K - l + Qs+2 

Q(g 2 +1) 

Qs 2 + s 4~ Q 


H(s) = 


s 2 + 1 

s2 + (i) s + 1 
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[b] kj— = 10 4 ; Q = 8; 
Replace s with s/kf. 

H\s) = - - 

+ 1 


s 2 + 1250s + 10 8 

P 15.15 For prototype circuit (a): 


with s/kf. 



s 2 + 10 8 


H(s) 

H(s) 


V 0 _ Q 

v q + 7 ^ 

Q(s 2 + 1) 
Q(s 2 + 1) + s 


Q 


Q + 


s 

s 2 +1 


s 2 + 1 

s 2 +^)s+l 


For prototype circuit (b): 


H(s) 


Vo 

V 


1 + 


1 


(f/Q) 

( S 2 + l) 


s 2 + 1 

s2 + {h) s + 1 


P 15.16 From the solution to Problem 14.15, c o Q = 100 krad/s and (3 = 12.5 krad/s. Compute 
the two scale factors: 


k f 


L0 o 


2vr(200 x 10 3 ) 
100 x 10 3 


1 C _ 1 10 x 10" 9 _ 1 
VfC' ~ 4^2.5 x 10- 9 “ 7r 


Thus, 


R! = k m R = — = 2546.48 Q 

7r 


L' = = ^(10 x 10" 3 ) = 253.303 yuFI 

k f An ’ 


Calculate the cutoff frequencies: 


J cX = k f u c i = 4tt(93.95 x 10 3 ) = 1180.6 krad/s 
u' c2 = kfU c2 = 4tt(106.45 x 10 3 ) = 1337.7 krad/s 


To check, calculate the bandwidth: 

P' — u c 2 ~ U ' c \ — 157.1 krad/s = Att/3 (Checks!) 
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P 15.17 From the solution to Problem 14.24, u 0 = 10 6 rad/s and /3 = 27t( 10.61) krad/s. 
Calculate the scale factors: 


k f = 


LJo 


50 x 10 3 
10 6 


0.05 


_ k f L' _ 0.05(200 x 10- 6 ) 

^m ~ t — rn .. i R 


= 0.2 


Thus, 


R' = k m R = (0.2) (750) = 15012 


C = 


C 


kmkf 


20 x 10" 9 
(0.2)(0.05) ~ 2fjF 


Calculate the bandwidth: 

P' = hf/3 = (0.05)[2tt(10.61 x 10 3 )] = 3333 rad/s 
To check, calculate the quality factor: 


q = — = __— 15 

V P 2tt( 10.61 x 10 3 ) 


Q ' = 7? = w = 15 ' (Checks) 


P 15.18 [a ] k m R 1 1000; k f ^ ( 1000 )(200 x 10" 9 ) 

L'=^{L)= 10 °°(l) = 200mH 
k f y J 5000 V ; 

-Wv 


= 5000 


10u(t) V(t) 



rL1 V-10/s V V 

[b] -T-4~-. — — 0 

1000 0.2s 1000 +(5 x 10 6 /s) 

/ 1 5 s \ _ 1 

^ V1000 + s + 1000s + 5 x 10V ~~ 100s 


V = 


10(s + 5000) 


5(s + 5000) 


200nF 


2s 2 + 10,000s + 25 x 10 6 s 2 + 5000s + 12.5 x 10 6 
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P 15.19 


_ V 25(s + 5000) 

° ~ 02s “ s(s 2 + 5000s + 12.5 x 10 6 ) 

_ K i K 2 K* 

" T~ + s + 2500 - 72500 + s + 2500 + j2500 

K\ = 0.01; K 2 = -0.005 
i a (t) = 10- 10e" 250W cos2500tmA 


Since k m = 1000 and the source voltage didn’t change, the amplitude of the 
current is reduced by a factor of 1000. Since kf — 5000 the coefficients of t are 
multiplied by 5000. 


R' 

It 


5000 

50 


= 100 ; 


kf = ^ 

C On 


5000 


c = 


c 


k m k } 


4 x 10~ 3 
(100)(5000) 


8nF 


50 fl —> 5kf2; 700fl->70kfl 


L' = —L = ^°°-(20) = 0.4H 
k f 5000 v ; 


0.05 _ 4 

0.05^ -> ^-^0 = 5 x 10 Vf, 


The original expression for the current: 

i 0 (t) = 1728 + 2880e" 20t cos(15t + 126.87°) mA 

The frequency components will be multiplied by kf = 5000: 

20 ->■ 20(5000) = 10 5 ; 15 15(5000) = 75,000 

The magnitudes will be reduced by k m = 100: 

1728 ->• 1728/100 = 17.28; 2880 2880/100 = 28.80 

The expression for the current in the scaled circuit is thus, 


i a (t) = 17.28 + 28.80e" lo5 ‘ cos(75,000f + 126.87°) mA 



Problems 


15-15 


P 15.20 


P 15.21 


[a] From Eq 15.1 we have 

H(s) = ~ I<UJr 


S + LO c 

, j, R 2 1 

where K =—, u c = —— 

III it 2W 

.-. H'{s)= ~ K ' Jc 


s + uj' 


where K' = ^ 

ill 


v, = 


RIG" 


By hypothesis R,\ = k rn R \: R', = k m R 


■2, 


and C = 


C 


. It follows that 


kf k m 

K’ = K and J c = kfLU c , therefore 
KkfiVc —Ku c 


H\s) = 
[b] H(s) = 


s + k f u c (^) + u c 

-K 

(* + 1) 


[c] H'(s) = 


-K 


—Kkt 


(£) + ! S + k f 


[a] From Eq. 15.4 

IIis) = —— where K = ^ and 

S + LU C R\ 


LUr = 


R X C 


— K's W 

.'. H\s) — -- where K' = —j 

’ s + u' c R[ 

a nd Uj' c — 

By hypothesis 

R 1 k m R \, 

It follows that 

K' = I\ and J r = kfU c 

,. #(.) = -=£_ = zE^lM 

s + k f uj c + c o c 


R ) ^'w R‘2 ■ 


C = 


C 


k m kf 
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[b] H(s) 

[c] H'(s) 


-Ks 


(s + 1) 

—K(s/k f ) 



-Ks 
(s + k f ) 


P 15.22 [a] H hp = 


—s 

^TT ; 


kf = — 
OJ 


1000(2vr) 

1 


2000vr 


HL = 


hp s + 2000vr 


RhCh 


H lv = 


— 20007t; .'. Rh — 


*/ = - = 


(2000vr)(0.1 x 10~ 6 ) 
c o' 0 5000(2tt) 


= 1.59 kfl 


s H-1 17 co 

, —10,0007T 

lp “ s + 10,000vr 


= 10,000vr 


RlC l 


= 10,0007r; 


• •• Rt = 


(10,000tt)( 0.1 x 10- 6 ; 


= 318.312 



10,0007TS 

(s + 2000vr)(s + 10,000vr) 


[c] <jj 0 = i/o; c ia; c i = \j (20007r)(10,0007r) = 10007r\/20 rad/s 


H\ju 0 ) 


(10,000tt)(j 1000ttV20) 

(2000vr + jl000vr v / 20)(10,0007r + jl000vrV20) 


jlOv/20 

(2 + jv / 20)(10 + 7\/20) 


0.8333/tP 
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[d] G = 20 log 10 (0.8333) = -1.58 dB 

[e] 



P 15.23 [a] For the high-pass section: 


k 



4000(2vr) 

1 


80007T 


H'(s) = 


—s 

S + 80007T 
1 

7?i(10 x 10~ 9 ( 


= 8000vr; R 1 = 3.98 kfl 


77, = 3.98 kfi 


For the low-pass section: 


u’ 0 _ 400 (2tt) 
u 1 


8007T 


H'(s) 


— 8007T 
S + 8007T 


77,(10 x 10-9) = 8007r; 7?2 = 39.8kfl .'. R 1 = 39.8W 

0 dB gain corresponds to K = 1. In the summing amplifier we are free to 
choose Rf and 77, so long as Rj/R, = 1. To keep from having many different 
resistance values in the circuit we opt for Rf = 77, = 39.8 kfk 
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[b] 


[c] 

[d] 
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s 2 + 16007rs + 64 x 10 5 7 t 2 
(s + 8007r)(s + 80007r) 


Wo = yf (80007r)(8007r) = 800 tt^I0 


H'C800nVw) = -( 8007r V^0) 2 + 16007r(j8007ryl0) + 64 x 10 5 tt 2 
J 71 (800vr +j800vr^l0)(80007r +j800vr^T0) 

j'128 x lO 4 ^^ 2 
~ (800vr) 2 (l + j\/T0)(10 + jyj TO) 

= j2y/W 

" (i+Mo)(io + jVIo) 


= 0.1818^r 

[e] G = 20 log 10 0.1818 = -14.81 dB 
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P 15.24 [a] H(s) = 


(1 /sC) (1/RC) 


H (ju>) = 


R+(l/sC) s + (1/RC) 
(1/RC) 


\H{ju)\ = 

I H(ju)\ 2 = 


ju + (1/RC) 
(1/RC) 


sju 2 + (1/RC) 2 
(1/RC) 2 


cu 2 + (1/RC) 2 

[b] Let V a be the voltage across the capacitor, positive at the upper terminal. Then 

~rT + sCr “ + = 0 

Solving for V a yields 

(R 2 + sL)Vi 


V n = 


But 


V 0 = 


RiLCs 2 + (R x R 2 C + L)s + (R l + R 2 ) 


sLV„ 


R 2 + sL 

Therefore 


V n — 


sLVi 


H(s) = 


RiLCs 2 + (L + RiR 2 C)s + (R 1 + R 2 ) 
sL 


R^Cs 2 + (L + R 1 R 2 C)s + (Ri + R 2 ) 


H(jco) = 


_ juL _ 

[(Ri + R 2 ) ~ RiLCuj 2 ] + ju(L + R\R 2 C) 
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\H{ju)\ = 


ujL 


yJ[R! + R 2 - RiLCu 2 } 2 + c c 2 (L + R 1 R 2 Cy 


\ H (M \ 2 = 


u 2 L 2 

{Ri + R 2 ~ RiLClo 2 ) 2 + lu 2 (L + R.\R. 2 C) 2 

u 2 L 2 


R\L 2 C 2 u 4 + (L 2 + R 2 R\C 2 - 2 R\LC + 2R 1 R 2 LC)oo 2 + (i?i + R 2 

[c] Let V a be the voltage across R 2 positive at the upper terminal. Then 

+ JT + V « sC + V ° sC = 0 

■t tl -TL2 

(0 - V a )sC + (0 - V a )sC + °—^ = 0 

Hi 


••• K = 

and 14 = 




2R\R 2 Cs + R\ + i?2 

14 


2R 3 Cs 

It follows directly that 

m = £ = 


-2 R 2 R 3 Cs 




Vi 2R\R 2 C s + (f?i + f? 2 ) 

2R/ 2 R, 3 C(ju>) 


\H{ju)\ = 

\H{ju )\ 2 = 


( R\ + -R 2 ) + ju)(2Ri R 2 C) 
2R 2 R- 3 Cuj 


J(Ri + R 2 ) 2 + coHR 2 R 2 C 2 
AR 2 R 2 C 2 u 2 

(/?, + f ? 2 ) 2 + ^R 2 R 2 C 2 u 2 


P 15.25 cu 0 = 27r/ 0 = 4007Trad/s 

(3 = 2tt( 1000) = 2000vr rad/s 
.'. u; C2 — cu Cl = 20007T 
V^ci <^c 2 = CU D = 4007T 
Solve for the cutoff frequencies: 
cu Cl a; C2 = 16 x 10 4 7 t 2 
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16 x 10 4 vr 2 


(jJ, 


ci 


16 x 10 4 tt 2 


UJ, 


u ; Cl = 20007T 


ci 


or a j 2 Ci + 20007ru; Cl — 16 x 10 4 7 t 2 = 0 
oj c1 = -lOOOvr ± \/l0 6 7r 2 + 0.16 x 10 6 tt 2 
iv ci = 1000tt(- 1 ± VT16) = 242.01 rad/s 
.-. uj C2 = 2000vr + 242.01 = 6525.19 rad/s 
Thus, / c i = 38.52 Hz and f c2 = 1038.52 Hz 


Check: p = f c2 - f cl = 1000Hz 

U C 2 = u V- = 6525 ‘ 19 


Rl = 


1 


(6525.19)(5 x lO" 6 ) 
1 


= 30.65 n 


0J c i = = 242 - 01 

KrPh 


Rh = 


(242.01)(5 x lO" 6 ) 

P 15.26 = 1000rad/s; GAIN = 6 

P = 4000 rad/s; C = 0.2 fjF 
P = lv C2 — lo Ci = 4000 

0J o \j X'c j XV;2 1000 


= 826.43 n 


Solve for the cutoff frequencies: 

.-. cu 2 Cl + 4000u; Cl - 10 6 = 0 

cu ci = -2000 ± 1000\/5 = 236.07rad/s 
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u C2 = 4000 + u Cl = 4236.07 rad/s 
Check: (3 = u c2 — to c i = 4000 rad/s 


^ci 


1 

RlCl 


• •• Rt = 


(0.2 x 10 _6 )(236.07) 


= 21.81 kfl 


RhCh 


= 4236.07 


Rm — 


(0.2 x 10- 6 )(4236.07) 


= 1.18kn 


Rf 

R., 


= 6 


If R, = 1 kQ 


R f = 6 Ri = 6kfi 


P 15.27 [a] y = 201og 10 


x/TT 


LU 


2 n 


= —10 log 10 (l + u) n ) 


From the laws of logarithms we have 
-10 


y = 

Thus 

dy_ = 

du 


In 10 


ln(l + oo 


2 n\ 


10 \ 2 noo 2n ~ 1 


X = log 10 cu = 


In 10/ (1 + oo 2n ) 
In a; 


In 10 
In a; = x In 10 


1 du 
u dx 


= In 10, 


du 

dx 


dy = (dy\ (dxu\ 
dx \du) \dx) 

at u = u c = 1 rad/s 

dy 


= u In 10 


-20 nu 2n 
1 + u 2n 


dB/decade 


dx 


= —lOn dB/decade. 
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[b] y = 20 log 


10 


yi + 


cu 


21 n 


= — lOn log 10 (l + c u 2 ) 


—lOn 


In 10 
dy — lOn 


ln(l + lu 2 ) 
1 


2lu = 


-20rau 


(lnlO)(l +uj 2 


dee In 10 Vl+cu 2 
As before 

du . . dy —20ncu 2 

S =w(l nl0); *=(TT^) 

At the corner u c = -1 


OJ 2 = 2 x ' r 


dy —20n[2 1 / n - 1] 


dx 


2 l / r 


dB/decade. 


[c] For the Butterworth Filter 
n dy/dx (dB/decade) 

1 -10 
2 -20 

3 -30 

4 -40 
oo — oo 


For the cascade of identical sections 
n dy/dx (dB/decade) 

1 -10 

2 -11.72 

3 -12.38 

4 -12.73 
oo —13.86 


[d] It is apparent from the calculations in part (c) that as n increases the amplitude 
characteristic at the cutoff frequency decreases at a much faster rate for the 
Butterworth filter. 

Hence the transition region of the Butterworth filter will be much narrower 
than that of the cascaded sections. 


P 15.28 [a] n = ( 0-0o)( 30) ^ 

log 10 (7000/2000) 

.'. n — 3 


[b] Gain = 20 log 


10 


1 + (7000/2000) 6 
P 15.29 [a] For the scaled circuit 

H'(s) = 


= -32.65 dB 


i i(ri?c[c 2 


e2 i _2_^ I _1_ 

* ^ R'C'^ ^ (R') 2 C[C^ 


where 


R' = k m R] C[ = Ci/kfk r 


C' 2 = C 2 /k s k n 
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*? 


It follows that 
1 

(R'yc^ ~ r?c x c 2 

2 _ 2 kf 


R'C[ R.C\ 
H'(s) = - 


k 2 /R 2 C 1 C 2 


2 i 2k f i k ) 

S + RCi S + R 2 CiC 2 


i/r 2 c 1 c 2 


(kf ) + RCi (fc/) + 


R 2 C!C 2 


P 15.30 [a] if(s) = 


(s + l)(s 2 + s + 1) 

[b] f c = 2000 Hz; u c = 40007T rad/s; 

H'(s) = 


kf = 40007T 


(^ + 1 )[(^) 2 + 5 + 1 l 

k 

(s + k f )(s 2 + kfS 4- k 2 ) 
(4000vr) 3 


> + 4000tt)[s 2 + 4000tts + (4000vr) 2 ] 
64 


[c] H (j14,000tt) (4 + Jl4)( _ 180 + j56 ) 

= 0.02332 /-236.77° 

Gain = 20 log 10 (0.02332) = -32.65 dB 

P 15.31 [a] In the first-order circuit R = 1 Ft and C — IF. 

c j' a 2vr(2000) 


, R' 1000 

k m = — = —— = 1000; 

it 1 


k f = ^ = 


U r 


R' = k m R = 1000 O; C = 


C 


k m k f (1000)(4000vr 


= 40007T 

= 79.58 nF 


In the second-order circuit R — 1 O, 2/C\ — 1 so C\ — 2 F, and 
C 2 = 1/C\ = 0.5 F. Therefore in the scaled second-order circuit 


R! = k m R = 1000 O; C[ = 
C 2 0.5 


<?! 


km kf 


(1000)(4000 


k m kf (1000)(4000tt; 
= 39.79 nF 


= 159.15 nF 


'7r 
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79.58nF 


159.15nF 



P 15.32 [a] n = ( °'° 5)( 48) = 3.99 n = 4 
log 10 (2000/500) 

From Table 15.1 the transfer function of the first section is 

s 2 

H l( s ) = 2 , n -TT 

s 2 + 0.765s + 1 

For the prototype circuit 

-J- = 0.765; R 2 = 2.61 ft; R 1 = ^- = 0.383 ft 

The transfer function of the second section is 

s 2 

H2 ^ ~ s 2 + 1.848s + 1 

For the prototype circuit 

4- = 1.848; R‘2 = 1-082 ft; f?i = -J- = 0.9240 ft 


The scaling factors are: 
. u' a 2vr(2000) 


= —= 


= 40007T 


10 x 10~ 9 = 


1 

40007r/c, n 


km ~ 4000tt( 10 x 10- 9 ) 7957,75 

Therefore in the first section 
R\ = k m R x = 3.04 kO; R' 2 = k m R 2 = 20.80 kft 

In the second section 

R.\ = k m R\ = 7.35 kft; R! 2 = k m R 2 = 8.61 kft 
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Group by conjugate pairs to form denominator polynomial. 


(s + 1) [s — (cos 108° + j sin 108°)] [s — (cos 252° + j sin 252°)] 
• [s — (cos 144° + j sin 144°)] [s — (cos 216° + j sin 216°)] 

= (s + l)(s + 0.309 - j’0.951)(s + 0.309 + j0.951)- 
(s + 0.809 - j0.588)(s + 0.809 + j0.588) 
which reduces to 


(s + l)(s 2 + 0.618s + l)(s 2 + 1.618s + 1) 
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n = 6:l + (—1)V 2 = 0 s 12 = -l 

s 12 = 1 /15° + 36°fc 


k Sk+L 
0 1 A5° 

1 1 /45° 

2 1 /75° 

3 1 /105° 

4 1 /135° 

5 1 /165° 

6 1 /195° 

7 1 /225° 

8 1 /255° 

9 1 /285° 

10 1 /315° 

11 1 /345° 


1/135 


1 /105 

° # 



Grouping by conjugate pairs yields 

(s + 0.2588 - j0.9659) (s + 0.2588 + j0.9659) x 
(s + 0.7071 -j0.7071)(s +0.7071 +j0.7071)x 
0 + 0.9659 - j0.2588)(s + 0.9659 + j0.2588) 
or (s 2 + 0.518s + l)(s 2 + 1.414s + l)(s 2 + 1.932s + 1) 


P 15.34 H'(s) = 


s 2 j_2_ ,_1_ 

* ^ kmRiiC/kmkf) 13 ^ fc m itlfc m i? 2 (C' 2 /fc2 i fc+ 


H'(s) = 


2 i . 

S Z + p n $ “1“ 


k / 


R 2 C° ^ R1R2C 2 
\2 


(s/k f y 


( s /kf)~ + r 2 c (k f ) + R!R 2 c 2 


s-plane 
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P 15.35 M, i= ( :°° 5 > ( - 48) = 3.99 


n — 4 


log 10 (32/8) 

From Table 15.1 the transfer function is 

1 

(s 2 + 0.765s + l)(s 2 + 1.848s + 1) 

The capacitor values for the first stage prototype circuit are 
2 


H(s) = 


Ci 


= 0.765 


C, = 2.61 F 


C 2 = —= 0.38 F 

Ci 

The values for the second stage prototype circuit are 


c, = L848 


C x = 1.08 F 


C 2 = — = 0.92 F 
Ci 

The scaling factors are 

D/ £.1 

k m = — = 1000; k f = -2 = 16,000vr 
it UJ 0 

Therefore the scaled values for the components in the first stage are 
r 1 = r 2 = r = iooo Q 
2.61 


Ci = 
C 2 = 


(16,000tt)(1000) 

0.38 


= 52.01 nF 


= 7.61 nF 


(16,000tt)(1000) 

The scaled values for the second stage are 
R 1 = R. 2 = R = 1000 Q 
1.08 


Ci = 
C 2 = 


(16,000vr)(1000) 

0.92 

(16,000vr)(1000) 


= 21.53 nF 


= 18.38 nF 
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For convenience let 
D 1 = s 2 + 3060tts + 16 x 10 6 vr 2 
D -2 = s 2 + 7392vrs + 16 x 10V 
D 3 = s 2 + 12,240tts + 256 x lOV 
D 4 = s 2 + 29,568tts + 256 x 10V 
Then 

_ 65,536 x 10 12 7r 4 s 4 
8 ~ DCCIhDi 
[d] uj 0 = 27r(4000) = 80007T rad/s 

s = j'800()7t 

s 4 = 4096 x 10 12 tt 4 

D 1 = (16 x 10 6 tt 2 - 64 x 10V) + j(80007r)(3060vr) 

= 10 6 7r 2 (—48 + j'24.48) = 10 6 7r 2 (53.88 /152.98° ) 

D 2 = (16 x lOV - 64 x lOV) + j(80007r)(7392vr) 

= 10 6 7r 2 (—48 + j'59.136) = 10 6 tt 2 (76.16 /129.07°) 

D { = (256 x lOV - 64 x lOV) + j(8000vr)(12,240vr) 

= 10 6 7t 2 (192 + j97.92) = 10 6 7r 2 (215.53 /27.02° ) 

Dv = (256 x 10 6 tt 2 - 64 x lOV) + j(80007r)(29,568vr) 

= 10 6 7t 2 (192 + j'236.544) = 10 6 7r 2 (304.66 /50.93°) 

, _ _ (65,536)(4096)vr 8 x 10 24 

~ (tt 8 x 10 24 ) [(53.88) (76.16) (215.53) (304.66) /360° 

= 0.996 /- 360° = 0.996/0/ 


P 15.37 [a] From the statement of the problem, K 
prototype bandpass circuit 


Ri = 


Q 

K 


16 

To 


1.611 


10 ( = 20 dB). Therefore for the 


R-2 


Q 

2 Q 2 - K 


16 

502 


ff 


R 3 = 2Q = 32 n 
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The scaling factors are 

k f = ^ = 2vr(6400) = 12,800vr 

UJ o 

C 1 

k m = — — = -—-= 1243.40 

m C'k f (20 x 10- 9 )(12,800vr) 

Therefore, 

R[ = k m R\ = (1.6) (1243.40) = 1.99 kfl 
R! 2 = k m R 2 = (16/502) (1243.40) = 39.6312 
R's = k m R 3 = 32(1243.40) = 39.79 kll 



P 15.38 From Eq 15.58 we can write 

(&) (¥)(&)« 


H (») = 


S + R 3 C S " RiRilhC- 


or 


(2R1) ( r 3 c s ) 
H I s ! = 7T7 —2 - 


q‘2 ^ q Rl~\~R2 

* ' R3C* ' r 1 r 2 r 3 c 2 


Therefore 

— = 8 = —■ 
r 3 c ^ cy 


R\ + R 2 


= ui. 


and K = 


Jh. 

2 R 1 


By hypothesis C — IF and u a = 1 rad/s 

k =1 Q mR3=2Q 



>^l<o 
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Ri 


2 K 


Q 

K 


R\ + R-2 _ 

R1R2R3 

+ r 2= (§) (2Q)R 2 


2 Q 2 - K 


P 15.39 [a] First we will design a unity gain filter and then provide the passband gain with 
an inverting amplifier. For the high pass section the cut-off frequency is 500 
Hz. The order of the Butterworth is 

( 0.05)( 20) 
log ltl (500/200) ’ 

.'. n — .3 

u s 3 

Hhp{S ’ ~ (s + l)(s 2 + s + l) 

For the prototype first-order section 

R 1 = R 2 = 10, C = IF 

For the prototype second-order section 

Ri — 0.5 O, R 2 = 2Q, C= IF 

The scaling factors are 

k f — — — 2vr(500) = lOOOvr 
CJ 0 

c 1 _ 10 6 

m - C% - (15 x 10- 9 )(1000tt) ““ 157T 

In the scaled first-order section 
10 6 

R' = rL = k rn R.[ = -(1) = 21.22 kO 

157T 

C' = 15 nF 

In the scaled second-order section 
R[ = 0.5 km = 10.61 kH 
R! 2 = 2 km = 42.44 kH 
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C' = 15 nF 


For the low-pass section the cut-off frequency is 4500 Hz. The order of the 
Butterworth filter is 


(—0.05)(—20) 
logi 0 (ll,250/4500) 

1 

^ lp(s) = ( s + l)(s 2 + s + l) 


n — 3 


For the prototype first-order section 
R 1 = R 2 = in, C = IF 
For the prototype second-order section 
R l = R 2 = lft; Ci = 2F; C 2 = 0.5 F 
The low-pass scaling factors are 
R' lJ 

k m — — = 10 4 ; k f = -^ = (4500) (2tt) = 9000vr 
R u n 


For the scaled first-order section 


R\ = R' 2 = 10 kQ; 


C' = 


c 


k f k m (9000vr)(10 4 ) 

For the scaled second-order section 


= 3.54 nF 


R\ = R' 2 = 10 kO 


Cl = 


C -! 


^2 = 


k f k m (9000tt)(10 4 ) 

C 2 _ 0.5 

kfkm - (9000tt)(10 4 ) 

GAIN AMPLIFIER 

20 log 10 K = 20 dB, 


K 


7.07 nF 


1.77 nF 


= 10 


Since we are using 10 kfl resistors in the low-pass stage, we will use 
Rf = 100 kQ and R, = 10 kQ in the inverting amplifier stage. 
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[b] 



P 15.40 [a] Unsealed high-pass stage 

s 3 

Hl,p{S) ~ (S + 1)( S 2 + S+1) 

The frequency scaling factor is kf = ( lo' 0 /lu 0 ) = 10007T. Therefore the scaled 
transfer function is 

H' hp (s) = 


(s + 10007r)[s 2 + 10007TS + 10 6 7T 2 ] 

Unsealed low-pass stage 

Hlp ^ s) = (s + l)( s 2 + s + l) 

The frequency scaling factor is kf = {u' 0 /u 0 ) = 90007T. Therefore the scaled 
transfer function is 

K(s) = 


(. s + 9000?r)(s 2 + 9000JTS + 81 x 10' ; --j 
Thus the transfer function for the filter is 

729 x 10 10 tt 3 s 3 


(—* -hi) ( s ) + ( 

V 9000-71 ^ V 9000ttJ ~ V 

(9000vr) 3 


90007T 


) + 


(s/lOOOvr) 


(lOOOTr + -*-) (lOOOTr) + IOOOtt + ^ 

„3 


H'(s) = 10 H' hp {s)H' lp {s) 


D1D2D3D4 
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where 

Di = S + 10007T 
D-2 = S + 90007T 
D 3 = s 2 + 10007TS + 10V 
D 4 = s 2 + 9000tts + 81 x 10V 
[b] At / = 200 Hz u = 4007T rad/s 
L>i(j400vr) = 400vr(2.5 + jl) 

D -2 (j'4007t) = 400vr(22.5 + jl) 

L> 3 (j400vr) = 4 x 10'V(2.1 + jl.O) 

L> 4 (j400vr) = 4 x 10'V(202.1 + j9) 

Therefore 

D^DaDtijmn) = 256tt 6 10 14 (28,534.82 /52.36° 
(729i 3 x 10'°)(64 x 10V) 


//'(j4007r) = 


256vr 6 x 10 14 (28,534.82 /52.36° 


= 0.6397- 52.36° 


.'. 20log 10 \H\jmn)\ = 20 log 10 (0.639) = -3.89 dB 
At / = 1500 Hz, u = 3000tt rad/s 


Then 

L> 4 (j3 OOOvr) = 1000vr(l + j3) 

D 2 (j’30 007t) = 3000vr(3 + jl) 

£> 3 (j3000vr) = 10 6 vr 2 (-8 +j3) 

L> 4 (j3000vr) = 9 x 10 6 vr 2 (8 + j3) 

( 729 X 7 T 3 X 10 10 )( 27 >< 10 ^ 3 ) 


H'(j3 OOOvr) = 


27 x 10 18 tt 6 (730/270 c 


= 9.99/90° 

.'. 20 log 10 |Tr'(j3000vr)| = 19.99 dB 
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[c] From the transfer function the gain is down 19.99 + 3.89 or 23.88 dB at 200 Hz. 
Because the upper cut-off frequency is nine times the lower cut-off frequency 
we would expect the high-pass stage of the filter to predict the loss in gain at 
200 Hz. For a 3nd order Butterworth 

GAIN = 20log 10 . 1 = = -23.89 dB. 

yjl + (500/200) 6 

1500 Hz is in the passband for this bandpass filter, and is in fact the center 
frequency. Hence we expect the gain at 1500 Hz to equal, or nearly equal, 

20 dB as specified in Problem 15.39. Thus our scaled transfer function 
confirms that the filter meets the specifications. 


P 15.41 [a] From Table 15.1 

H lp (s) = 


(s 2 + 0.518s + l)(s 2 + y/2s + l)(s 2 + 1.932s + 1) 

1 

H hp ( S ) ~7— 7T\ \ 7 . — / i \ \ 7 . 77T \“ 

+ 0.518 (M + 1) (4 + v / 2( 1 ) +1) [\ + 1.932(f) + 1) 
\ s V s / /V s \ s J /V s V s / / 


H hp {s) — 


(s 2 + 0.518s + l)(s 2 + V2s + l)(s 2 + 1.932s + 1) 


P 15.42 [a] k f = 25,000 

r ,x = _ (s/25,000) 6 _ 

hpl J [(s/25,000) 2 + 0.518(s/25,000) + 1] 

1 

' [(s/25,000) 2 + 1.414s/25,000 + 1] [(s/25,000) 2 + 1.932s/25,000 + 1] 

s 6 

“ (s 2 + 12,950s + 625 x 10 6 )(s 2 + 35,350s + 625 x 10 6 ) 

1 

' (s 2 + 48,300s + 625 x 10 6 ) 


[b] H'(j 25,000) 


—(25,000) 6 

[12,950(j25,000)] [35,350(j25,000)] [48,300(j25,000)] 


— (25,000) 3 

(12,950) (25,350) (48,300) j 3 


= 0.7067 /-90° 

20 log 10 |77'(j25,000)| = -3.02 dB 
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P 15.43 [a] At very low frequencies the two capacitor branches are open and because the op 
amp is ideal the current in R 3 is zero. Therefore at low frequencies the circuit 
behaves as an inverting amplifier with a gain of R 2 /R 3 . At very high 
frequencies the capacitor branches are short circuits and hence the output 
voltage is zero. 

[b] Let the node where R\, R 2 , R 3 , and C 2 join be denoted as a, then 

(K - V^Gi + V a sC 2 + (K - V 0 )G 2 + V a G 3 = 0 


-KGs - V 0 sCi = 0 


or 


(Gi + G 2 + G 3 + sC 2 )V a — G 2 V 0 — G\Vi 
—sCi 

K = -p^Vo 

Ots 


Solving for V 0 /V k yields 
H(s) = 


~GiG 3 


(G 1 + G 2 + G 3 + sC 2 )sCi + G 2 G 3 
~G X G 3 

s 2 C\C 2 + (G, + G 2 + G 3 )C x s + G 2 G 3 
-GiG 3 /C 1 C 2 


s 2 + 


s 2 + 


(G1+G2+G3) 

c 2 

G1G2G3 

G2G1C2 

(G1+G2+G3) 

c 2 

Kb n 


s T 


s + 


G2G3 

GiC 2 


G2G3 

CiC 2 


s 2 + bis + bo 


, G\ G 2 G 3 

where K — b a = —— 

Lt 2 K / lK / 2 


and bi = 


g 3 + g 2 + g 3 

Co 


[c] Equating coefficients we see that 
Gi = KG 2 
r< _ b 0 C 3 C 2 _ b Q C s 

^3 ~ —^- ~ r , 

ATT 2 ATT 2 

since by hypothesis G 2 = 1 F 

ti = Gl + G 2 + G 3 =Gi + G2 + G3 

C/9 
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b, = kg 2 + g 2 + ^ 

h r 1 

b\ = G 2 (l + K) + ~^r~ 

Lt2 

Solving this quadratic equation for G 2 we get 

&i jb 2 — & 0 C 1 4(1 + AT) 

2 2(1 +A') V 4(1 +A') 2 

_ 6, ± ^6 2 - 46 0 (1 + K)C\ 

~ 2(1 + K) 

For Go to be realizable 

h 2 

C < — 

1 46 0 (1 + K) 

[d] 1. Select C 2 = IF 

b 2 

2. Select C\ such that C\ < - - 1 —— 

46 0 (1 + A) 


3. Calculate C 2 (A 2 ) 

4. Calculate G x (Ai); G x = A'G 2 

5. Calculate G 3 (A 3 ); C 3 = & 0 Ci/G 2 

P 15.44 [a] In the second order section of a third order Butterworth filter b Q = h\ 
Therefore, 


C\ < 


bi 


= 0.05 F 


4& 0 (1 + K) (4)(1)(5) 

Ci = 0.05 F (limiting value) 


[b] C 2 = 


1 


2(1 + 4) 


= 0.1S 


c 3 = — (°- 05 ) = 0 - 5S 

G { = 4(0.1) = 0.4S 
Therefore, 

R\ = = 2.5 fl; A 2 = -^ = 10 fl; 

Ci C 2 


Rs — yr — 2 
C 3 
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[c] k f = ^ = 2vr(2500) = 5000vr 

UJ n 


k — 


Co 


C' 2 kf (10 x 10-9)% 


= 6366.2 


C[ = = 0.5 x 10" 9 = 500pF 

kfk m 

R[ = (2.5)(6366.2) = 15.92 kfi 
R' 2 = (10) (6366.2) = 63.66 kfi 
R' 3 = (2) (6366.2) = 12.73 kfi 
[d] R[ = R' 2 = (6366.2)(1) = 6.37kfi 
C 1 


C' = — = — = 10 nF 


kfk. 


frv m 


10 8 


[e] 



P 15.45 [a] By hypothesis the circuit becomes: 



For very small frequencies the capacitors behave as open circuits and therefore 
v a is zero. As the frequency increases, the capacitive branch impedances 
become small compared to the resistive branches. When this happens the 
circuit becomes an inverting amplifier with the capacitor C 2 dominating the 
feedback path. Hence the gain of the amplifier approaches 
{1/juC 2 )/{1/jojCi) or Ci/C 2 . Therefore the circuit behaves like a high-pass 
filter with a passband gain of C\/C 2 . 
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[b] Summing the currents away from the upper terminal of i? 2 yields 

V a G 2 + (K - V^sC, + (V a - V 0 )sC 2 + V a sC, = 0 

or 

V a [G 2 + s(Ci + C 2 + C 3 )] — V 0 sC 2 = sCiVi 

Summing the currents away from the inverting input terminal gives 

(0 - V a )sC 3 + (0 - V 0 )G l = 0 
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[d] From Table 15.1 the transfer function of the second-order section of a 
third-order high-pass Butterworth filter is 

Ks 2 

H(s) = 


s 2 + s + 1 


Therefore bi — b 0 — 1 
Thus 

C x = K = 8F 
+ 2 


Ri = 


= 1012 


R2 = 


1(8 + 2 ) 

P 15.46 [a] Low-pass filter: 

-0.05)(—30) 


= 0.1012 


n = 


= 3.77; 


.'. n — 4 


log 10 (1000/400) 

In the first prototype second-order section: b\ = 0.765, b Q — 1, C 2 — 1F 
b 2 (0.765) 2 


Ci < 


< 


< 0.0732 


46 0 (1 + K) ~ (4)(2) 
choose Ci = 0.03 F 

0.765 ± \J (0.765) 2 — 4(2)(0.03) _ 0.765 ± 0. 


Go = 


4 4 

Arbitrarily select the larger value for G- 2 , then 

G 2 = 0.338 S; .'. R 2 = = 2.9612 

G 2 


Ri = — = 2.9612 
G i 


= 0.089 


R 3 = 1/G 3 = 11.312 


Gi = KG 2 = 0.338 S; 

_ b 0 C\ _ (1)(0.03) 

3 G 2 0.338 

Therefore in the first second-order prototype circuit 

Ri = R 2 = 2.9612; R 3 = 11.312 

Ci = 0.03 F; C 2 = IF 

In the second second-order prototype circuit: bi = 1.848, b 0 = 1, C 2 = IF 

. r . (1.848) 2 
• • c i s —^— 


< 0.427 
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choose Ci = 0.30 F 

1.848 ± v /(1.848) 2 - 8(0.3) _ 1.848 ± 1.008 


G 2 = 


Arbitrarily select the larger value, then 


G 


G 2 = 0.7139 S; 

6/ = KG 2 = 0.7139 S; 

_ b Q Ci _ (1)(0.30) 

3 G 2 0.7139 

In the low-pass section of the filter 
, j 

k f = — = 2vr(400) = 800vr 
u 0 


Ro = — = 1.4008 


R 1 = — = 1.4008 n 


G 


= 0.4202 S 


R 3 = 1/6*3 = 2.3796 Tt 


h 


C 


125,000 


C'kf (10 x lO” 9 )^ vr 

Therefore in the first scaled second-order section 
R\ = R' 2 = 2.96 k m = 118 kfl 

R' 3 = 11.3 k m = 450 kft 
C>1 = = 300 P F 

C' 2 = 10 nF 

In the second scaled second-order section 
R\ = R' 2 = 1.4008fc m = 55.74 kfl 


R' 3 = 2.3796 k m = 94.68 kf! 


c: = rr“ = 3nF 

kfk m 

C 2 = 10 nF 

High-pass filter section 
(—0.05)(—30) 

n = 


= 3.77; n = 4. 


log 10 (6400/2560) 

In the first prototype second-order section: b\ = 0.765; b Q = 1; C 2 = C 3 
Ci = I< = IF 


= IF 
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Ri = 

R 2 = 


K + 2 


bi 


h 


0.765 
0.765 


= 3.9211 


b 0 {K + 2) 


= 0.25512 


In the second prototype second-order section: b\ 

C 2 = C 3 = IF 

C\ — K — IP 


Ri = 
R 2 = 


K 


bi 


1.848 

bi _ 1.848 
b 0 (K +2) 3 


= 1.62312 


= 0.61612 


In the high-pass section of the filter 

u' 

k f = — = 2vr(6400) = 12,800vr 
L0 o 

_ C _ 1 _ 7812.5 

m ~ CCkf ~ (10 x 10- 9 )(12,800vr) “ tt 


In the first scaled second-order section 

R\ = 3.92k m = 9.75 k!2 

R' 2 = 0.255 k m = 63412 

C[ = C , 2 = C' 3 = 10 nF 

In the second scaled second-order section 


R\ = 1.623 k m = 4.04 k!2 
R' 2 = 0.616 k m = 1.53 k!2 
C[ = C 2 = C' 3 = 10 nF 


1.848; b Q = 1; 


In the gain section, let R, = 10kl2 and Rf = 10kl2. 
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[b] 



P 15.47 [a] The prototype low-pass transfer function is 

Hi p (s) = 


(s 2 + 0.765s + l)(s 2 + 1.848s + 1) 

The low-pass frequency scaling factor is 
k flp = 2vr(400) = 800vr 

The scaled transfer function for the low-pass filter is 

1 

H! (s) = J -^-n-r-9- 

P '( s V 0.765s | -1 ( s l 2 | 1.848a i i 

V SOOtt ) ' 800tt "I 1 V SOOtt ) ' 800tt “ r 1 


40 96 x 10 8 7T 4 


[s 2 + 612ns + (800vr) 2 ] [s 2 + 1478.4vrs + (800vr) 2 ] 

The prototype high-pass transfer function is 

s 4 

Hhp ^ ~ (s 2 + 0.765s + l)(s 2 + 1.848s + 1) 

The high-pass frequency scaling factor is 

k fhp = 2vr(6400) = 12,800vr 
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The scaled transfer function for the high-pass filter is 

(s/12,800vr) 4 


H' hp (s) = 


(l2,8007r) 


+ 


0.765s 

12,800tt 


+ 1 


(—-—y + — 

V 12,800?!-,/ ~ 12, 


848s 
800 7T 


+ 1 


[s 2 + 9792vrs + (12,800vr) 2 ][s 2 + 23,654.4tts + (12,800vr) 2 ] 

The transfer function for the filter is 


H\s)= H' lp (s) + H' hr (s) 


[b] /„ = J Sc if a = V (400) (6400) = 1600 Hz 


u) Q = 2nf 0 = 32007T rad/s 
(ju 0 ) 2 = -1024 x 10 4 tt 2 
{ju 0 Y = 1,048,5 76 x 10 8 7T 4 

4096 x 10 8 tt 4 

lp[ - JUo) ~ [-960 x 10% 2 + j612(3200tt 2 )] X 

1 

[-960 x 10% 2 + jl478.4(3200vr 2 )] 
40,000 

“ (-3000 + 7612)(—3000 + j 1478.4) 


= 3906.2 x 10~ 6 /37.76° 

1,048,576 x 10 8 tt 4 

h ^ JUo ’ ~ [15,360 x 10 4 tt 2 + j'9792(3200vr 2 )] 

1 

[15,360 x 10% 2 + j23,654.4(3200vr 2 )] 

10.24 x 10 6 

“ (48,000 + 79792) (48,000 + j23,654.4) 

= 3906.2 x 10~ 6 /— 37.76° 

.-. H'(juj 0 ) = -3906.2 x 10~ 6 (l /37.76° + 1 /— 37.76°) 

= -3906.2 x 10" 6 (1.58/tT) = -6176.35 x lO" 6 /^ 

G = 20 log 10 \H\ju 0 )\ = 20 log 10 (6176.35 x 10" 6 ) = -44.19 dB 


P 15.48 [a] At low frequencies the capacitor branches are open; v a = v t . At high 

frequencies the capacitor branches are short circuits and the output voltage is 
zero. Hence the circuit behaves like a unity-gain low-pass filter. 
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[b] Let v a represent the voltage-to-ground at the right-hand terminal of Ri. Observe 
this will also be the voltage at the left-hand terminal of R 2 . The s-domain 
equations are 

(V a - Vi)G\ + (V a - V 0 )sC\ = 0 
(V 0 - V a )G 2 + sC 2 V 0 = 0 


(Gi + sC\)V a — sCiV 0 — G\Vi 
~G 2 V a + (G 2 + sC 2 )V 0 = 0 


• •• K = 


G 2 + sC 2 V 0 

G~2 


(Gi + - scJ V 0 = GiVi 

^2 


V 0 _ G\G 2 

" Vi ~ (Gi + sCi)(G 2 + sC 2 ) - C\G 2 s 


which reduces to 

Vo _ G\G 2 jC\C 2 

]/■ o 2 i Gi I G1G2 
Vz 6 ^ Ci * + C1C2 


b 0 

s 2 + bis + b 0 


[c] There are four circuit components and two restraints imposed by H(s); 

therefore there are two free choices. 

[d] 61 = ^ Gi — biCi 

V'l 

_ ^ . G _ b o C 

h " (\c 2 •• Gi ~h 2 

[e] No, all physically realizeable capacitors will yield physically realizeable 

resistors. 

m From Table 15.1 we know the transfer function of the prototype 4th order 
Butterworth filter is 

~ (s 2 + 0.765s + l)(s 2 + 1.848s + 1) 

In the first section b 0 — 1, bi = 0.765 
.-. Gi = (0.765)(1) = 0.765 S 

R.i = 1/Gi = 1.307 Q 


= OT®* 1 * = 1307 S 
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R 2 = 1 /G-2 = 0.765 n 

In the second section b Q — 1, b\ = 1.848 

.'. G\ — 1.848 S 

R\ = 1/G\ = 0.541 Q 

R 2 = l/G-2 = 1.848 



P 15.49 [a] k f = -± = 2tt( 3000) = 6000vr 

L0 o 

, _ G 1 10 6 

m ““ C'kf ~ (4.7 x 10- 9 )(6000vr) “ 28.2vr 

In the first section 

R\ = 1.307 k m = 14.75 kfl 

R 2 = 0.765 k m = 8.64 kll 
In the second section 
R[ = 0.541 k m = 6.11 kfl 

R 2 = lM8k m = 20.86 kf2 
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*<-> = I = 


Vo 
V ,• 


2 , ft 
s + tt s + 

W2 


ftft 


s 2 + bis + b 0 


[c] There are 4 circuit components: R\, R 2 , C\ and C 2 . 
There are two transfer function constraints: b\ and b fl . 
Therefore there are two free choices. 


[d] b Q = 


GiG 2 

G^2 ; 

G 2 = b 1 C 2 ; 


bi = 


G 2 

G 2 

r 2 = 


biC 2 


G 1 = 

bi 


Ri = 


bi 

b Q C 1 


[e] No, all realizeable capacitors will produce realizeable resistors. 

ffl The second-order section in a 3rd-order Butterworth high-pass filter is 
s 2 /(s 2 + s + 1). Therefore b 0 — b\ — 1 and 


Ri = 


1 

(iKi) 


iff. 


r 2 = 


1 

(iKi) 


iff. 


, j 

P 15.51 [a] k f = — = 10 4 vr 

UJo 

c 1 _ 10 5 
m ~ C% ~ (75 x 10 _9 )(10 4 7t) “ 75tt 

Cl = C 2 = 75 nF; R[ = R! 2 = k m R = 424.4 O 


[b] R = 424.4 n\ 


C = 75 nF 
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42 4.4Q 


v 42 4.4Q 

i 



21921 n_, 



—it— 
75 nF 








42 4.4Q 


[d] H hp (s) = 


(s + l)(s 2 + s + 1) 

(s/10 4 tt) 3 


TTl ( \ _ _ v-v 11 ) _ 

hpl '’ - [(s/10%) + 1] [(s/10 4 7r) 2 + (s/ 10%) + 1] 


[e] H'(j 10V) = - 


(s + 10%) (s 2 + 10%S + 10 8 7T 2 ) 

( j ' 10%) 3 


(j10 4 7t + 10%)[(jT0%) 2 + 10%(jl0%) + 10% 2 ] 


= 0.7071/135 c 


\H[J = 0.7071 = —3 dB 


P 15.52 [a] It follows directly from Eq 15.64 that 

TTt - _ _ g2 + 1 _ 

[S) ~ s 2 + 4(1 — a)s + 1 

Now note from Eq 15.69 that (1 — a) equals 1/4 Q, hence 

T T / X S 2 + l 


H{a) ~ 

[b] For Example 15.13, c o D = 5000 rad/s and Q — 5. Therefore kj = 5000 and 
H'ls) = (s/5000) 2 + 1 


(s/5000)2 + KsSo) + 1 

s 2 + 25 x 10 6 


s 2 + 1000s + 25 x 10 6 
P 15.53 [a] u/ 0 = 20007T rad/s 


k f = U ^ = 2000vr 
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k 

ryj m 


C'kf (15 x 10- 9 )(2000vr) 3 tt 


R' = k m R = — —(1) = 10,61012 
on 


= 5,30512 


fX 1 .. 1 , _ . ' ' . i 

4 Q 4(20) 

oR’ = 10,47812; (1 - cr)R! = 133 H 

C = 15 nF 
2 C' = 30 nF 


= 0.9875 



[c] k f = 2000vr 


H(s) = 


(s/2000vr) 2 + 1 


v ; (s/2000vr) 2 + ^(s/2000vr) + 1 

s 2 + 4 x 10 6 7t 2 
S 2 + 1007TS + 4 X 10 6 7T 2 

P 15.54 To satisfy the gain specification of 20 dB at u = 0 and a = 1 requires 

Ri + R-2 1 n D n D 

——-= 10 or R -2 = 9Ri 

R\ 

Choose a standard resistor of 11.1 k!2 for /?, and a 100 k!2 potentiometer for R 2 . 
Since ( R 1 + R 2 )/R\ 3> 1 the value of Ci is 


Ci = — 7 w = 39.79 nF 
2vr(40)(10 5 ) 
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Choose a standard capacitor value of 39 nF. Using the selected values of R\ and R 2 
the maximum gain for a = 1 is 

201ogi ° (t ir) a -r 20mdB 

When C\ = 39 nF the frequency 1/R 2 C\ is 

Rk = um = 25641 ^ rad/s = 4081 Hz 

The magnitude of the transfer function at 256.41 rad/s is 


|H(j256.41)| Q=1 = 


111.1 x 10 3 + j256.41(ll.l)(100)(39)10- 3 
|11.1 x 10 3 + j256.41(ll.l)(100)(39)10- 3 | 


7.11 


Therefore the gain at 40.81 Hz is 


201og 10 (7.11) Q= i = 
P 15.55 201og 10 ^ 1 ^ 2 ) 


17.04 dB 

= 13.98 


R\ + R 2 
Rx 


5; 


R 2 = 


Choose R\ = 100 kfl. Then 


= 1007r rad/s; .'. C i 

R 2 C\ 


4 Ri 

R 2 = 400 kfl 
1 

' (100tt)( 400 x 10 3 ) 


7.96 nF 


P 15.56 [a] 



alpha 
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P 15.57 [a] Combine the impedances of the capacitors in series in Fig. PI 5.53(b) to get 

1 — a a 1 
eq = sCx + ^Cl = ^C~i 

which is identical to the impedance of the capacitor in Fig. PI5.53(a). 


v 



x 



V r = 


a/sC i 


(1 — a)/sC i + a/sC\ 
aR 2 


V = a 


V v =-= a = V x 

y (1 - a)R 2 + aR 2 


[c] Since x and y are both at the same potential, they can be shorted together, and 

the circuit in Fig. 15.34 can thus be drawn as shown in Fig. 15.53(c). 

[d] The feedback path between V Q and V s containing the resistance R 4 + 2R.> has no 

effect on the ratio V Q /V S , as this feedback path is not involved in the nodal 
equation that defines the voltage ratio. Thus, the circuit in Fig. 15.53(c) can be 
simplified into the form of Fig. 15.2, where the input impedance is the 
equivalent impedance of Ri in series with the parallel combination of 
(1 — a)/sC\ and (1 — a)R 2 , and the feedback impedance is the equivalent 
impedance of R\ in series with the parallel combination of a/sC\ and aR 2 : 


Zi — R\ 


T-qQ 

sCi 


(1 — a)R 2 


(1 - a)R 2 + 

R\ + (1 — a)R 2 + R\R 2 C\S 
1 + R 2 Cis 


Zf 


Ri + 


a 

sCi 


■ aR 2 


QtR 2 + 


a 

sC\ 


Ri T T R\R 2 C\s 
1 + R 2 C\S 


P 15.58 As cu —)■ 0 


\H(iuj)\ ->• 


2i?3 + R 4 . 
2i?3 + i?4 


1 
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Therefore the circuit would have no effect on low frequency signals. As uj —>• oo 

[(1 - I3)R 4 + R 0 ](pFU + R 3 ) 


\H(jio)\ -A 


[(1 — /3)f?4 + f?3](/5f?4 + R 0 


When (3 = 1 


\H(joo)\p=i = 


If Ra > R 0 


R 0 (R/± + f?3 

R-^Ri + R 0 


Rn 


\H(joo)\ p=1 ^ -4 > 1 
A 3 

Thus, when f3 = 1 we have amplification or “boost”. When f3 = 0 

f?3(f?4 + -R3) 


|#(joo) 1/3=0 = 


Rq{Ra + f?o 


If f? 4 > Ro 


Ra 


\H(joo)\p =0 = tt < 1 

±l 0 

Thus, when (3 = 0 we have attenuation or “cut”. 

Also note that when j3 — 0.5 

1 _ (0.5i?4 + Ro) (0.5/?4 + R 3 ) _ 

| U^) |/3=o .5 - ^ 0>5i?4 + jR3 )(o.5f? 4 + f? 0 ) “ 

Thus, the transition from amplification to attenuation occurs at f3 = 0.5. If (3 > 0.5 
we have amplification, and if (3 < 0.5 we have attenuation. 

Also note the amplification an attenuation are symmetric about (3 = 0.5. i.e. 


\H(ju)\f3=Q.Q — 


\H(juj)\ f3=0A 


Yes, the circuit can be used as a treble volume control because 

• The circuit has no effect on low frequency signals 

• Depending on (3 the circuit can either amplify ((3 > 0.5) or attenuate {(3 < 0.5) 
signals in the treble range 

• The amplification (boost) and attenuation (cut) are symmetric around (3 = 0.5. 
When (3 = 0.5 the circuit has no effect on signals in the treble frequency range. 



Problems 15-55 


maximum boost = 201og 10 9.99 = 19.99 dB 

r*-I iTT/. \\ RARa + R:i) 

[b] |^(.?oo)| ri= o = 

rt 0 ^ii4 + n. 0 ) 

maximum cut = —21.93 dB 

[c] R 4 = 500 kfi; Ro = Ri + R 3 + 2f? 5 = 65.9kft 

.-. i? 4 = 7.59i? 0 

Yes, R 4 is significantly greater than R 0 . 

(2i?3 + R 4 ) + j^(R 4 + i?3) 

[d] l»0/*ft)l^ - (2fl3 + fl4)+ ^ 4 + flo) 

511.8 +jff (505.9) 

511.8 + j'565.9 


= 7.44 


20 log 10 \H(j/R 3 C 2 )\i 3 =i = 20 log 10 7.44 = 17.43 dB 


[e] When (3 = 0 


\H(j/R 3 C 2 )y =0 = 


( 2 i ?3 + R 4 ) + j(i?4 + R 0 ) 

(2i? 3 + i? 4 ) + j (7?4 + 7? 3 ) 
P-3 


Note this is the reciprocal of |i7(j/i? 3 C' 2 ) |/j=i. 


20log 10 \H(j/R 3 C 2 )\ 0+o = -17.43 dB 


ffl The frequency 1/R 3 C 2 is very nearly where the gain is 3 dB off from its 
maximum boost or cut. Therefore for frequencies higher than I/.R 3 C 2 the 
circuit designer knows that gain or cut will be within 3 dB of the maximum. 
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P 15.60 | H ( j oo) | 


[(1 — P)Ri + R 0 ][PR.4 + R 3 
[(1 — (3R^ + R 3 ] [PR 4 + R 0 . 




Fourier Series 


16 


Assessment Problems 



AP 16.2 [a] a v = 7vr = 21.99 V 

[b] ai = —5.196 a 2 = 2.598 a 3 = 0 a 4 = —1.299 a 5 = 1.039 

bi = 9 b 2 = 4.5 b 3 = 0 6 4 = 2.25 b 5 = 1.8 

[c] lv 0 = = 50rad/s 

[d] h = 3/o = 23.87Hz 

[e] v(t) = 21.99 — 5.2 cos 50t + 9 sin 50t + 2.6 cos lOOt + 4.5 sin lOOt 

— 1.3 cos 200t + 2.25 sin 200t + 1.04 cos 250t + 1.8 sin 250t + • • • V 

AP 16.3 Odd function with both half- and quarter-wave symmetry. 

v g(t) = f, 0 < t < T/6; a v = 0, = 0 for all k 


16-1 
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bk = 
bk = 


Vg{t) 


0 


for k even 

rT/ 4 


T 

8 

T 


/ fit) sin kuot dt, 


k odd 



1214;. 

k 2 7T 2 


1214 


7r z 


614 

T 

sin 


E 


n= 1,3,5 


v 8 f T / 4 

t sin kuiot dt + — V m sin kuot dt 
' T J T /6 

kn\ 

“3 J 


1 . nn . 

— sm — sm rujJot V 
n 2 3 


AP 16.4 [a] Using the results from AP 16.2, and Equation (16.39), 

Ai = -5.2 - j9 = 10.4 /- 120° ; A 2 = 2.6 - j 4.5 = 5.2 /-60° 
A 3 = 0; A 4 = -1.3 - j'2.25 = 2.6 /- 120° 

A 5 = 1.04 - j 1.8 = 2.1 /-60° 

9i = —120°; 6*2 = —60°; 0 :i not defined; 

e A = -120°; e 5 = -60° 

[b] v(t) = 21.99 + 10.4cos(50f - 120°) + 5.2cos(100f - 60°) 

+ 2.6 cos(200f - 120°) + 2.1 cos(250f - 60°) + • • • V 

AP 16.5 The Fourier series for the input voltage is 

8A 44 / 1 mr\ 

v i = ~I E b sm y smno;o(f + T/4) 

n n= 1,3,5 V,i Z 7 



cos nu>ot 


_ 8A ~ 1 

— 4T 2—, ZA 


7T^ 


n=l,3,5 


rr 


cos nujot 


8 A _ 8(281.25tt 2 ) 

7r 2 7T 2 


2250 mV 


2tt 

T 


2tt 
200t r 


x 10 3 


10 


Wo — 



Problems 16-3 


OO 2 

Vi — 2250 22 2 cos lOnt mV 


n= 1,3,5 


From the circuit we have 


V„ = 


i? + (1/juC) juC 1 + juRC 


V = V™ y- = 100 y. 

° l/RC + ju 1 100 + ju 1 

Vji = 2250/tPmV; = 10 rad/s 


V i3 = —— /T) = 250/0/ mV; 3c;o = 30 rad/s 
9 


Vj 5 = ——/0° = 90^f mV; 5o;o = 50 rad/s 

ZiD 


y oi = inn , n (2250/0/) = 2238.83 /- 5.71° mV 
100 + jlO 


V o3 =-(250/0°) = 239.46/- 16.70° mV 

100 + j30 v / - 


V n , =-(90/0°) = 80.50/- 26.57°mV 

5 100 + j'50 V L - 


v 0 = 2238.33 cos(10/ - 5.71°) + 239.46 cos(30/ - 16.70°) 


+ 80.50 cos(50/ - 26.57°) + ... mV 


AP 16.6 [a] The Fourier series of the input voltage is 


= —— 22 — sm nuj o (t + T/4) 


71 n=773,5 n 


°° r 1 / rijr \ " 

= 42 '22 — sin ( — ) cos 2000n/ V 

n=1,3,5 L n V 2 /. 


From the circuit we have 

V c sC + 2 + ^=° 

sL R 


£ = H{s) = 


s/RC 


S ' 2 + {s/RC) + (1/LC) 
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Substituting in the numerical values yields 


H(s)- 

V,i = 

V 9 3 = 
V S 5 = 
V,7 = 


500s 

s 2 + 500s + 10 8 


42/0/ 

u 0 = 2000 rad/s 

14/180° 

3cu 0 = 6000 rad/s 

8.4/0/ 

5cu 0 = 10,000 rad/s 

6/180° 

7cu 0 = 14,000 rad/s 


J ^ - 10 8 - 4 x 10 6 + 500(j2000) 
H(j6000) = 0.04682 /87.32° 
i7(j 10,000) = 1/0/ 
i7(y 14,000) = 0.07272 /- 85.83° 


j 1 

96 + j 1 


0.01042 /89.40° 


Thus, 

V 0 i = (42/0°) (0.01042 /89.40°) = 0.4375 /89.40° V 

y o3 = 0.6555 /- 92.68° V 

V o5 = 8.4/0/V 

V o7 = 0.4363 /94.17° V 

Therefore, 

v 0 = 0.4375 cos(2000f + 89.40°) + 0.6555 cos(6000t - 92.68°) 

+ 8.4 cos(10,000t) + 0.4363 cos(14,000f + 94.17°) + ... V 


[b] The 5th harmonic, that is, the term at 10,000 rad/s, dominates the output 

voltage. The circuit is a bandpass filter with a center frequency of 10,000 rad/s 
and a bandwidth of 500 rad/s. Thus, Q is 20 and the filter is quite selective. 
This causes the attenuation of the fundamental, third, and seventh harmonic 
terms in the output signal. 


AP 16.7 cu 0 


2vr x 10 3 
2094.4 


3 rad/s 



5 Q (1/5)0 


+ 

2Qi 


juj 0 k = j3k 



Problems 16-5 


V R 


2 

2 + s + 1/s 


(Vg) 


2sV 9 

s 2 + 2s + 1 


H(s) 


/Vr\ _ 2s 

\Vg) s 2 + 2s + 1 


nU^k) = H( } 3k) = {1 _ gk2)+jek 


v gi = 25.98 sin wot V; V gi = 25.98/T V 

H(j 3 ) = = 0.6 /-53.13° ; V Rl = 15.588 /-53.13° V 


(15.588/V2)* 

2 

v 93 = 0, therefore P 3 = 0W 

v 95 = —1.04 sin 5w 0 tV; V gs = 1.04 /180° 

H(jl5) = -—-= 0.1327/- 82.37° 

; —224 + j30 L - 

Vr 5 = (1.04 /180° ) (0.1327 /— 82.37° ) = 138 /97.63° mV 

= (0-138/v^) = 4 76 mW therefore P = // = 60.75 W 
2 


AP 16.8 Odd function with half- and quarter-wave symmetry, therefore a v = 0, «/,. = 0 for all 
k. b k = 0 for k even; for k odd we have 


8 f T P 8 [ T P 

bk = — 2 sin kuot dt + — 8 sin ku^t dt 

T J o T J T/8 



1 + 3 cos 



k odd 


Therefore C n 


-j 4 

nn 


1 + 3 cos 



n odd 
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AP 16.9 [a] J rms = 
[b] C j = : 


fr 

-J'12.5 

7r 


(2)2 (|) (2) + (8)2 ^ 


C 3 = A 5 . C 5 = 


(3 T T 
~~ 8 
3 0-9 


= v^4 = 5.831 A 


7r 


7T 


r _ -jl-8 r , _ -j 1-4 _ j0.4 

O7 — -, O9 — -, Oil — - 


7 r 


7T 


7T 


4ms 


\ 


-fJc + 2 X |C „|2 “t/— (12.5 2 + 1.52 + 0.92 + 1.82 + 1.4 2 + 0.4 2 ) 


[c] % Error = 


n=l,3,5 

= 5.777 A 

5.777- 5.831 


7T 


5.831 

[d] Using just the terms Ci - C 9 , 


x 100 = -0.93% 


Urns 


\ 


1 I + 2 J2 |c„|2 ~ (12,52 +1,52 + o.s 2 + ns 2 + 1.42) 


77=1,3,5 


7T 


= 5.774 A 


5.774 -5.831 

% Error =- x 100 = —0. 

5.831 

Thus, the % error is still less than 1%. 

AP 16.10 T = 32 ms, therefore 8 ms requires shifting the function T/4 to the right. 

i = — j — (1 + 3 cos — e l nuJ o{t- T /r) 

^ titt V 4 J 


n= — o o 
n , 

OO 


(odd) 

4 ~ 1 


= — — fl + 3cOS—^)e i( n + 1 )( 7r /2) e i n <220« 

^ ,7%c n\ 4 7 

n(odd) 



Problems 16-7 


Problems 


P 16.1 [a] cc oa = 


2vr 


200 x lO" 6 
2vr 


^ob 


40 x 10~ 6 


= 31,415.93 rad/s 
= 157.080 krad/s 


rhl , = I = _1 

L J J°a T 20Q x 1Q _ 6 


— = 5000 Hz; f oh = 


40 x 10~ 6 


= 25,000 Hz 


[c] 0 V a 0, 


100(10 x 10“ 6 ) 
a vb = -4-—= 25 V 


40 x 10~ 6 

[d] The periodic function in Fig. P16.1(a) has half-wave symmetry. Therefore, 
a va = 0; a ka = 0 for A; even; 6 ka = 0 for A; even 
For k odd, 

4 

, ZL(I ms - rli 4- 

T Jo 
160 T 


4 r T / 4 2irkt 

Oka = rr I 40 cos —- 


dt+U 

T Jr 


' T / 2 2nkt 

80 cos — at 
't/a T 


. 2nkt 

-Sill- 

T 2nk T 


T/A 


320 T . 2nkt 

-sm- 

T 2nk T 


T/2 

T/A 


80 . nk 160 ( . . nkJ 

= rf sm Y + rt ( smrt - sm Y, 

= —^-sin—, it odd 
nk 2 


4 /- T / 4 , 2nkt , 4 

5 ka = — / 40 sm — 7 - dt + — 

1 Jo 1 


-160 T 
T 27rk 

-80 


2irkt 


cos 


T 


T Jt/a 

t/4 320 t 

o 


T / 2 2irkt 

80 sm — dt 


T 
2nkt 


T 2nk 


cos 


T 


T/2 

T/A 


160 

- nk ( 0 - 1 )-—(- 1 - 0 ) 

_ 240 
irk 

The periodic function in Fig. P16.1(b) is even; therefore, b}- = 0 for all k. Also, 

a vb = 25 V 

4 r T / 8 2nkt 

a kb = „ / 100 cos —— dt 

1 Jo 1 


400 T 2nk 
- sm ——t 


T 2nk 

200 irk 

—r sm ~r 
nk 4 


T 


T/8 

0 
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[e] For the periodic function in Fig. P16.1(a), 


v(t) 


80 ~ 

71 n=l,3,5 


/ 1 nn 3 

-sm — cos nuj 0 t H— sin nou 0 t 

\ n 2 n 


V 


For the periodic function in Fig. P16.1(b), 

200 ~ (l . nn \ 

vet) = 25 H-> — sm — cos nu 0 t V 

vr 4 ) 


P 16.2 In studying the periodic function in Fig. P16.2 note that it can be visualized as the 
combination of two half-wave rectified sine waves, as shown in the figure below. 
Hence we can use the Fourier series for a half-wave rectified sine wave which is 
given as the answer to Problem 16.3(c). 



-T -3T/4 -T/2 -T/4 0 T/4 T/2 3T/4 T 


. . 100 ■ 200 ^4 cos nu; 0 f 

Vi (t) = — —F 50 sin LU 0 t -— ]T —--V 


vr 


7r 


(n 2 — 1) 


n=2,4,6 

-| ori OO 

v 2 (t) = — + 30sintu 0 (f - T/2 ) - 


cos nu 0 (t — T/2) 
vr « (n 2 - 1) 


n=2,4,6 

Observe the following, noting that n is even: 

( 2 7r 1 \ 

cu 0 t — = s ^ n ( a; o^ — vr) = — sinuvof 



Problems 16-9 


P 16.3 


( 27 rnT\ 

cos nuj 0 (t — T/2) = cos \ nou 0 t -— — ) = cos {nou 0 t — mr) = cos noj 0 t 

Using the observations above, 

u\ 60 on • + 120 V- cos (nuJot) 

v 2 (t) — -30 sin uj 0 t -2^ -— V 


n= 2,4,6 


(n 2 — 1) 


Thus, 


. 160 320 cos (nu 0 t) 

v(t) = Vi(t) + V2(t) =-h 20smu; o t-2Z -4- V 


7T 


7T 


n=2,4,6 


(n 2 — 1) 


[a] Odd function with half- and quarter-wave symmetry, a v = 0, = 0 for all k, 

bk = 0 for even k\ for k odd we have 


h = t 


8 r T ' 4 


4V m 

V m sin ku> 0 t dt = —d —, 

K7T 


k odd 


4U 00 1 

and v(f) = —— 2Z — sinncuofV 

^ n=l,3,5 n 

[b] Even function: /y. = 0 for k 


2 4/ 2 


O'?) 


T 


14 sm — t dt = - 


T 


7T 


4 . 7T , , 2V m ( 1 

/ 14 sm — t cos dt = - --— + 

JO T 7T VI —2/c 

414/tt 


a k — rp 


1 + 2/c 


1-4 A; 2 


and n(t) = 


214 


7T 


i + 2£ 


4 1 — 4n 2 


cos nco 0 t 


V 


1 /' 7 V 2 / 27t\ 14 

[c] a v = — 14 sin ( — ) f dt = 

1 JO 


4 — 


2 rU 2 
T jo 


T 

2vr 


7T 


14 sin — t cos kunt dt = 


14 (1 + cos kir 


T 


Note: a/j = 0 for Uodd, = 
2vr 


7T 

214 , 


i-p ; 

for k even. 


7r(l — k 2 ) 

2 4 /^ 27T 

x. = — / 14 sin — t sin Axuot dt = 0 for k = 2,3,4, 

T Jo T 


14 


For k = 1, we have 61 = —; therefore 

U U 214 00 1 

n(f) = — -|—— sincuo^ 4-— - - cos nu 0 t\ 

n 2 
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P 16.4 


P 16.5 


Starting with Eq. (16.2), 

OO OO 

fit) sin koj()t = a v sin kuj 0 t + ^ a n cos nuj^t sin ku^t + ^ b n sin nuj^t sin ku^t 


n= 1 


n= 1 


Now integrate both sides from t Q to t Q + T. All the integrals on the right-hand side 
reduce to zero except in the last summation when n — k, therefore we have 


fto+T /'Jf 

f{t ) sin ku 0 t dt = 0 + 0 + b k 


2 Co+T 

or b k = — f(t) sin ku> 0 t dt 

1 Jto 


fto+T l 

[a] h= sin mut)t dt = - 

J to muo 


cos mut 0 t 


t 0 +T 


to 


-1 

muo 

-1 

mu 0 

-1 


I 7 — 


muo 

rto+T 


[cos mu 0 (t o + T) — cos rmj 0 t o \ 

[cos rmv 0 t o cos mu 0 T — sin m(jj 0 t o sin rmv 0 T — cos mu 0 t o ] 
[cos mu 0 t o — 0 — cos rnu 0 t o ] = 0 for all m, 


to 

1 

muj 0 

1 


tn 


rto+i 1 

/ cos mujotc dt = -[sin muj 0 t] 

J to mu 0 

sin muo(t 0 + T) — sin muot 0 ] 

[sin muoto — sin muot 0 ] = 0 for all m 


mu>o 

rt 0 -\-T 


rt 0 -\-± rt 0 -\-l 

[b] Is = / cos muot sin nu>ot dt — - [sin(m + n)uot — sin(m — n)uJot\ dt 
Jt. 0 2 Jt 0 

But (m + n) and (m — n) are integers, therefore from J 6 above, J 8 = 0 for all 
m, n. 

f*t 0 -\-T ^ rto~\~T 


[C] h = 


fto + l J_ fto + 1 

/ smmu> 0 t sin iuu 0 t dt — - [cos(m — n)co 0 t — cos (m + n)cu 0 t\ dt 
Jt 0 2 Jt 0 


If m h n, both integrals are zero (J 7 above). If m = n, we get 


h=7: 

[d] /10 


1 rto+T 


2 Jt 0 

rt 0 -\-T 


dt ~2 


1 rto+T 


T 


T 


’to 


cos 2mouot dt = — — 0 = — 


cos mu 0 t cos nu 0 t dt 
H 0 

\ rt 0 -\-T 


H 0 


cos (m — n)u>ot + cos(m + n)u>ot] dt 


If m h n, both integrals are zero (/ 7 above). If m = n, we have 


ho — ~ 


1 fto+T 1 ft 

/ dt + 9 / 

J to * to 


1 r t ° +T T T 

cos 2mcu 0 t dt = — + 0 = — 
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P 16.6 a v 


1 

T 



f{t) dt 


1 

T 



fit) dt + 



fit) dt 


T 

Let t = —x, dt = —dx , x = — when 
’ ’ 2 


t = 


-T 

2 


and x = 0 when t = 0 


Therefore 4 f fit)dt = \ \ fi~x)(-dx) = ~ 
J-T/2 1 JT/2 1 


T J-T/2 

' fX /2 X r 1 '!' 1 

/ f{t)dt + - f{t)dt = 0 

Jo 1 Jo 

2 r° 2 r T /2 

a k = — fit) cos /ca; 0 f dt + — fit) cos /ccu 0 f 
1 J-T /2 1 Jo 


1 /- r /2 

Therefore a v = — — 


Again, let t = —x in the first integral and we get 

2 r° 2 r T / 2 

— / fit) cos kuot dt = — — / fix) coskouoxdx 
T J-T /2 T Jo 


Therefore a k = 0 for all k. 

2 r° 2 r T / 2 

l—T/2 ' 

Using the substitution t = —x, the first integral becomes 

2 /- T /2 


2 r° 2 /' T /2 

b k = — fit) sin Axuot + — / /(f) sin Axu 0 t dt 

1 J-T /2 1 Jo 


T Jo 


fix) sin kuj 0 x dx 



4 fT/2 

Therefore we have b k = / /(/ ) sin koj ( J dt 

T Jo 

2 r ° 2 /- T /2 

P 16.7 b k = — fft) sin kcu 0 t dt -/ /(f) sin ku 0 t dt 

T J-T /2 T Jo 

Now let f = x — T/2 in the first integral, then dt = dx, x = 0 when f = — T /2 and 
x = T/2 when f = 0, also sin kuoix — T/2) = sin(kujQX — kir) = sin kuox cos kn. 
Therefore 

2 r ° 2 r T / 2 

— / /(f) sin /ccu 0 f dt = — — / /(x) sin kuox cos /c7r dx and 

T J-T /2 T Jo 


2 r T / 2 

b k = —(1 — cos/c7r) / fix)smkcu 0 tdt 
T Jo 

Now note that 1 — cos kir = 0 when k is even, and 1 — cos kn = 2 when k is odd. 
Therefore b k = 0 when k is even, and 

4 f T ! 2 

b k = — / /(f) sin Axuof dt when k is odd 

T Jo 
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P 16.8 Because the function is even and has half-wave symmetry, we have a v = 0, d k = 0 
for k even, b k = 0 for all k and 

4 HI 2 

dk = — f(t) cos kuot dt, A; odd 

T Jo 

The function also has quarter-wave symmetry; 

therefore /(f) = — /(T/2 — f) in the interval T/4 < t < T/2; 

thus we write 

4 HA 4 HI 2 

d k = — /(f) cos ku 0 t dt H-/ /(f) cos ku 0 t dt 

T Jo T Jt/a 

Now let f = (T/2 — x) in the second integral, then dt = —dx, x = T/4 when 
f = T/4 and x = 0 when f = T/2. Therefore we get 

4 HI 2 4 HA 

— / /(f) cos kuot dt = — — / f (x) cos kn cos kuox dx 

T Jt/a T Jo 

Therefore we have 

4 r 5 "/ 4 

d k = — (1 — cos /c7r) / /(f) cos Axcof dt 

T Jo 

But A; is odd, hence 


8 r T / 4 


[J-t 4 

/ /(f) cos A;cc 0 f dt, k odd 

Jo 


ttk ~ T Jo 

P 16.9 Because the function is odd and has half-wave symmetry, a v = 0, a/,. = 0 for all k, 
and 6/,. = 0 for k even. For k odd we have 

4 f T / 2 

b k = — /(f) sin kuot dt 

1 Jo 

The function also has quarter-wave symmetry, therefore /(f) = /(T/2 — f) in the 
interval T/4 < f < T/2. Thus we have 


4 r T / 4 4 

b k = — /(f) sin Axc 0 f dt + — /(f) sin A;cc 0 f dt 

1 Jo 1 Jt/a 


4 /-T/2 

T/A 


Now let f = (T/2 — x) in the second integral and note that dt = — dx, x = T/A 
when f = T/4 and x = 0 when t = T/2, thus 


4 HI 2 4 HA 

— / /(f) sin Axc 0 f dt =-cosA;7r / /(a;) (sin ku 0 x) 

T Jt/a T Jo 

But A; is odd, therefore the expression becomes 





Problems 16-13 


P 16.10 [a] / = 4 =---- = 62.5 Hz 

J T 16 x 10" 3 

[b] no, because /(3 ms) = 10 mA but /(— 3 ms) = —10 mA. 

[c] yes, because f(—t) = — fit) for all t. 

[d] yes 

[e] yes 

ffl a v = 0, function is odd 

«/. = 0. for all k; the function is odd 

bk = 0, for k even, the function has half-wave symmetry 

8 f T / A 

b k = — f(t) sin ku> a t, k odd 
1 J o 


ur 


5 1 sin ku 0 t dtt + 


f T/4 

T/8 


0.01 sin kto„t dt 


= —{Inti + Int2} 


Inti = 5 


rT/8 


t sin ku n t dt 


= 5 


1 . , t 

sm kuj n t — -— cos ku n t 


k 2 uj 2 


ku n 


T /8 

o 


kn 0.625 T kn 
cos — 
4 


PaA 3111 4 kuj, 


r T / 4 -0.01 

Int2 = 0.01 / sin ku Q tdt = — -cos kuj 0 t 

J t /8 ku Q 


T / 4 0.01 kn 

T/8 ku} 0 4 


5 kn /0.01 0.625T\ kn 

Inti + Int2 = ——- sm — + -- - - cos — 

k 2 ojl 4 V kuj 0 kco 0 J 4 


0.625T = 0.625(16 x 10" 3 ) = 0.01 


T . T _ 5 . kn 

.'. Inti + Int2 = , n n sm — 

k 2 u 2 4 


bk = 


T 4n 2 k 2 


■T- 


kn 0.16 kn 
sm 


sm -r- = ~ 9 , 9 — , , 
4 n 2 k 2 4 


——, k odd 


. 160 ^4 sin(n7r/4) 

tit) — — 5- > - 5 -sm noj 0 t mA 

^ «id.5 n 
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P 16.11 [a] T = 1; cu 0 = -jr = 2n rad/s 

[b] yes 

[c] no 

[d] no 


P 16.12 [a] v(t) is even and has both half- and quarter-wave symmetry, therefore a v = 0, 
bk = 0 for all k, a k = 0 for A-cvcn; for odd k we have 

8 [ T/A V I- ^ 4V ™ ■ f k7r ) 

a k = — V rn cos ku 0 t dt = -j- sin I — I 


,.s 4 K» ^ T 1 • n7r 1 , v 

v{t) — - > —sm— cos nujQi V 

71 n=1^3,5 \- n 2 -I 


[b] v(t) is even and has both half- and quarter-wave symmetry, therefore a v — 0, 
a k = 0 for fc-even, b k = 0 for all k: for A-odd we have 


8 f T / A (4V P \ , , 8V„ 

a fc = f] Q [ T f ~ V p) cos ^ dt = -^ 


QY OO ^ 

Therefore v(t) = -^ ^ — cosncu 0 fV 


n=l,3,5 


P 16.13 [a] i(f) is even, therefore b k = 0 for all k. 

IT 1 I m 

a v = - ■ — ■ I m • 2 • — = — A 
2 4 T 4 

4 z^/ 4 / 4J m \ 


a fc = — j cos ku> 0 t dt 


AT rT/4 Ifj/ /•T/4 

—™ / cos ku Q t dt -—^ / t cos ku a t dt 

T J o T 2 J o 


= Inti — Int 2 

4/ m f T / A 2 I m kn 

Inti = - 777 - / cos ku Q t dt = —— sm — 
T Jo 7T k 2 


16/ m z ^/ 4 

Int 2 = / t cos koj 0 t dt 

T z J o 


16/ m f 1 , t . , 

T 2 | COS fca; 0 f + — sm ku D t 

4 I m ( kn , \ 2/ m . kn 

— f cos — - ! ) + — sm — 
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4 Im kir\ 

°‘ = ^P 1_C08 T A 


4/„ 


1 — cos(wr/ 2 ) 


• • i{t) = — 4-— 2^-o- cosnu 0 t A 


7T 


n=l 




[b] Shifting the reference axis to the left is equivalent to shifting the periodic 
function to the right: 

cos nuj 0 {t — T/2) = cos rm cos nuj 0 t 

Thus 



[b] Even, since /(f) = /(—f) 

[c] Yes, since /(f) = —/(T/2 — f) in the interval 0 < f < 4. 

[d] a v = 0, a k = 0, for A; even (half-wave symmetry) 

b k = 0 , for all k (function is even) 


Because of the quarter-wave symmetry, the expression for a k is 

8 r T / 4 


Ofc — 


T 


f(t ) cos /ccu 0 A dt, k odd 

2 f 


[ At 2 cos /coy/ dt = 4 
4o 




k 2 u%t 2 — 2 

cos /coy/ H-—— 3 — sm rccuof 

/C C<Jn 
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-10 -I 

[b] Odd, since f(—t) = — fit) 


[c] fit) has quarter-wave symmetry, since f(T/2 — t) = fit) in the interval 

0 < t < 4. 

[d] a v = 0, (half-wave symmetry); a k = 0, for all k (function is odd) 

b k = 0, for k even (half-wave symmetry) 
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3/2 0 /3 0 -£ 

2 sin &xc/ 0 t — 4 4 sin ku 0 t — -— cos ku 0 t + 3 cos ku 0 t 

rC C(^q rC C(Jq rCCUQ rC Cl^q 


kn 

2 


^o(2) = k (^) (2) = 
cos(/c7r/2) = 0, since k is odd 

= 


^ sin(fa/2 >-^ sin(W2) 


/cccn = /c — = 


/27T\ kir 


bi, = 


V 8 ) 4 ’ 

192 


,2 2 fc27r2 

k u ° = ir : 


/c CCn = 


A; 4 7T 4 

^5fT 


7T' 


! fc 2 


192 00 

/<*> = ™ E 

n=l,3,5 


7T 2 k 2 


1 - 


sin(A;7r/2), k odd 


rr 


n 2 n 2 


sm(nn/2) 


sin nuj 0 t 


[e] sinncno(t — 2) = sin(na/ot — 7 t/ 2) = — cosmnotsin(n7r/2) 

1 


/W = 2 f E 


7T- 


n=l,3,5 


rr 


7r 2 n 2 


sin 2 (n7r/2) 


cos nccot 


P 16.16 [a] 



8 r T / 4 

a k = — / /(t) cos /cu/ 0 t dt, for /e odd 

T Jo 


8 r T / 8 120 1 
T Jo T 

960 r T / 8 
I o 


f T/4 

/ 40 \ 

/ | 

io + — t) 

/T/8 

V T J 


960 /-r/8 80 rV* , , 320 /' T / 4 

= —— / t cos fcccof dt + — cos fcccof at + -==- / t cos fcu/ot at 
T 2 7o T Jt/s T 2 7t/8 


320 r T / 4 

T/8 
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960 

2 1 2 


cos kuot t sin ku>ot 
k 2 ujl kujQ 


T/8 


320 


T kn 
k^- = 


cos koJot t sin kuo^t 
k 2 ujQ kujQ 

T kn 
kujc) — = —— 


+ 

T/4 

T/8 


80 sin koj^t 
T ku n 


T/4 

T/8 


= 


960 

2^2 


co S (W4) + ^ sin(W4) 


k 2 u o 


8/co;n 


/c 2 ^ 


+ 


80 

kunT 


sin(/c7r/2) — sin(£;7r/4)] 


320 

2^2 


cos(/c7r/2) Tsin(/c7r/2) cos(/c7r/4) Tsin(/c7r/4) 


A 2 g^ 


AcUn 


£; 2 c«^ 


8kuo 


640 „ 160 „ . . 960 

cos(fc7r/4) + ——— sm(fc7r/2) - 


(fc^oT) 2 v ' ' fc^oT 2 

/cc^oT = 2 /c7t; ( ku} 0 T ) 2 = 4/c 2 7t 2 

160 /, 80 . /n , 240 

cos(/c7t/4) H -- sm(fc7r/2) - 


(^ 0 T)2 


[c] a k = 


n 2 k 2 
80 


7ik 


7T‘ 


/c 2 


7r 2 A; 2 
80 


[2 cos(/c7t/4) + 7r/csin(A;7r/2) — 3] 


ai = — [2 cos(7t/4) + nksmiy'K /2) — 3] = 12.61 


7T 


80 


a 3 = cos(37r/4) + 7r/csin(37r/2) — 3] = —12.46 

9n z 

a 5 = ^ [2 cos(57t/4) + nk sin(57r/2) — 3] = 3.66 

207T 2 

/(f) = 12.61 cos(wof) — 12.46 cos(3a;ot) + 3.66 cos(5a;ot) + ... 


[d] t = 


T 


LUot — 


2n T 7r 


4’ T 4 2 

/(T/4) = 12.61 cos(vr/2) - 12.46 cos(3vr/2) + 3.66 cos(5tt/2) = 0 


The result would have been non-trivial for t — T/8 or if the function had been 
specified as odd. 
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P 16.17 Let fit) = v 2 (t - T/6). 

a v — —(2V m /3)(T/3)(l/T) — —(2V m /9) and b k — 0 since fit) is even 


— 


4 fT/ 6 

T Jo 
8V m 


2V m \ , , 4 2C m 1 

' cos kuJntdt = — — —— t — sm ku n t 


, sin fife-) _ _ 3^™ gin f k 
3k2n V 3 / 3kn V 3 


T 3 kuj n 

7r' 


T/6 

0 


Therefore, n 2 (t — T/6) = 


21/ m 4y m ^ 1 . (mi \ 


Y — sin ( — ) cos nuj 0 t 


3vr ^ n V 3 J 


2V m AV m ^ 1 . 
and n 2 (t) =---— 2^ - sm — 1 cos nu 0 {t + T/6) 


9 


3tt y n V 3 7 


Then, v(t) = V\ (t) + v 2 (t). Simplifying, 


7V 4V 00 1 

v(t) = — —y- 
9 3vr r f^ n 


. (rm\ (nn\ 
sm — cos — 

V 3 J \ 3 ) 


cos nuj 0 t 


4Kn ^ 1 

3?r bi n 


■ . 2 fnn\ 

Sm V 3 Jj 


sin nu n t V 


If V m = 97t then a v — 7n = 21.99 (Checks) 


12\ (mr\ (nn\ 

“ 1 n sm It) cos It) = 




or 


bk = (—1 sin 2 (Hi = I — 


\n J 


V 3 7 


m /i 

n 7 \2 


cos 


2n7r 


/ 4n7r 

COS f-g- 


oi = 6sin(47r/3) = —5.2; = 6 [1 — cos(47t/3)] = 9 

a 2 = 3sin(87r/3) = 2.6; b 2 = 3 [1 — cos(87t/ 3)] = 4.5 
a 3 = 2sin(127r/3) = 0; & 3 = 2[1 - cos(12tt/3)] = 0 


a 4 = 1.5 sin(167r/3) = -1.3; b 4 = 1.5[1 - cos(16vr/3)] = 2.25 


a 5 = 1.2 sin(20vr/3) = 1.04; b 5 = 1.2[1 - cos(20tt/3)] = 1.8 


All coefficients check! 
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P 16.18 [a] The voltage has half-wave symmetry. Therefore, 

a v = 0; a k = b k = 0, k even 
For k odd, 


4 r T / 2 


ttk ~ T Jo 


2 l m 

Irn - ^Or-t ) COS kbJ n t dt 


T 


4 r T / 2 
T 


f' 1/z 8 I m f T / 2 

/ I m cos kuot dt ——— / t cos kuot dt 

Jo T z Jo 


4/ m sin Axuot 
T fccuo 


T / 2 8 /„ 

o 


= 0 - 


8 I m 
2^2 


2*2 

COS kTT 1 


cos ku Q t t 

, 9 9 -b 7 — sill kuoT 

/C z CJq /CCJq 


T/2 


/c 2 a;n k 2 iol 


8 I n 




T 2 J \k 2 u 2 J 


(1 — cos kir) 


4/„ 


20 


7t 2 A; 2 k 2 ' 


for k odd 


= 7^ 


4 z^/ 2 


T jo 


I'm 


2 L 


T 


4/ m r 71 / 2 


T 


4 I m 
~Y 

4 Im 
T 


sin /coinf dt 


t ) sin kuj 0 t dt 


8r T / 2 


— COS fcwot 

ku o 

1 — COS /C7T 

kuo 


-I T/2 


J 0 




8/ m 

2*2 


t sin kuint dt 


sin kuj 0 t t 


1 T/2 


k 2 ul 


ku( 


cos hunt 


J o 


8 Im 
2 ' 2 . 


—T cos kn 
2kuo 


8 L 


kuioT 


m 1 1 + - cos kn 


21 

nk 


107T 

IP 


for k odd 


, 20 10tt 10 (2 

7T k 

where tan 0;, = — 


(l ~ i~) = p^F+4 [~9k 


°° a/ (n7r) 2 + 4 

i(f) = 10 V -- t -cos(nca 0 f - 9 n ) 

n=M.5 n 
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[b] A x = 10\/4 + vr 2 = 37.24 A tan0i = | 0, + 57.52 c 

„ 10 

3 9 

„ 10 

5 25 

, 10 

A'i — — 

7 49 

, 10 

9 81 

i(t) = 37.24 cos(cc 0 f - 57.52°) + 10.71 cos (3cc 0 f - 78.02°) 

+ 6.33 cos(5cc 0 f - 82.74°) + 4.51 cos(7cu 0 f - 84.80°) 

+ 3.50 cos(9cc 0 f- 85.95°) + ... 
i(T/ 4) = 37.24 cos(90 - 57.52°) + 10.71 cos(270 - 78.02°) 

+ 6.33 cos(450 - 82.74°) + 4.51 cos(630 - 84.80°) 

+ 3.50 cos(810 - 85.95°) + 26.22 A 
Actual value: 

i (1) = 1(5+= 2467 A 

P 16.19 The function has half-wave symmetry, thus = 0 for 7-cvcn, a, 

k- odd 

4 rV 2 8V m f T ! 2 _ t/Rr 

a>k = — / Kn cos kuot dt -— / e 1 cos kuot dt 


V4 + 9tt 2 + 10.71 A 

tan 6*3 = 

37T 

Y 

0 3 = 78.02' 

V4 + 25tt 2 = 6.33 A 

tan 6*5 = 

5n 

Y 

0 5 = 82.74' 

V4 + 49tt 2 = 4.51 A 

tan #7 = 

7n 

Y 

0 7 = 84.80' 

V4 + 81tt 2 + 3.50 A 

tan 6*9 = 

97T 

Y 

0 9 + 85.95' 


T Jo 


pT Jo 


where p = [l + e ~ T/2RC 

Upon integrating we get 

4V m sin kuj 0 t \ T / 2 


— 


T /ccco 
8U m 


e ~t/RC 


pT (1/RCy + (£xc 0 ) 2 
— 8V m RC 


T[ 1 + (kuoRCy 


— cos kuot 
RC 


+ ku o sin ku>ot 


T/2 

o 


0; for 
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4 r T / 2 81/ r T / 2 

V m sin ku 0 t dt - - 

TJ o pT J o 


rT/ 2 

/ g-v-RC s j n prjyt dt 

J o 


41/ m cos kuot T / 2 
T ku 0 o 


8I/ m —e [sinkuot 1 T/ 

~pT~ ' (1/RC) 2 + (Axu 0 ) 2 ' [ + C ° S J 0 


4K m 8ku 0 V m R 2 C 2 
"ttF ~~ T[1 + (kuoiZC') 2 ] 


P 16.20 [a] a? + bl = a? + 


*-r Wfc -u fc -r^- 


-I - k(jj 0 RCcik 


a k [1 + (/ccuo-RC) 2 ] + + kuoRCcik 


But a k = 


-8V m RC 


T[ 1 + (^0^67)2] 


64K 2 i? 2 C' 2 


T1,eretore “* = r*[l + (fa^r thusweh ” e 


a k + b k — 


64V 2 R 2 C 2 


64V 2 kunR 2 C 2 


T 2 [ 1 + (A;cu 0 i?C) 2 ] n 2 k 2 nkT{l + (kco 0 RC) 2 } 


Now let a = ku> 0 RC and note that T = 2n/uo, thus the expression for a\ + bl 
reduces to a\ + b], — 161/^/7t 2 A; 2 (1 + a 2 ). It follows that 


il + bl = 


irkJl + (ku 0 RC) 2 


[b] b k — ku^RCak 


rru bk l un , 4V ™ l+a 2 

Thus — = ku 0 RC H - - — — a - 

a k nkdk a 


Therefore — = — a = —kujnRC 
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P 16.21 


P 16.22 


P 16.23 


Since a v — 0 (half-wave symmetry), Eq. 16.38 gives us 

1 


00 4V 

Vo(t) = £ 4V; 


& n7T sj 1 + {mu 0 RCy 


cos(nc o Q t — 6 n ) where tan 9 n — 


But from Eq. 16.57, we have tan j3 k = ku 0 RC. It follows from Eq. 16.72 that 

tan (3 k = — a k /b k or tan 9 n = — cot (3 n . Therefore 9 n = 90° + /3 n and 
cos(nou 0 t — 6 n ) = cos(nou 0 t — (3 n — 90°) = sinfncuof — /3 n ), thus our 

expression for v Q becomes 

4V m ,4 sin(ncu 0 t — /3 n ) 


v n = 


E 


71 n= 1,3,5 1 + ( UUqRC ) 2 

[a] e~ x = 1 — x for small x; therefore 


o-t/BC ^ ( 1 


t 

RC 


and 


:> -T/2RC ~ 


2* 1 


T 

2RC 


(V m \ 

2 1 - (T/2) 

\RC ) 

2 — (T/2RC) 


( 14 


\RC 




14i 

\RC 


t — 


[b] a k = 


n 2 k 2 ) Vp W 2 k 2 ){4Rc) nu 0 RCk 2 


( -8 \ (V m T\ 


V m T r T 

Me fOT °^2 

-414, 


[a] Express v g as a constant plus a symmetrical square wave. The constant is 14./2 
and the square wave has an amplitude of 14/2, is odd, and has half- and 
quarter-wave symmetry. Therefore the Fourier series for v g is 

V 21/ 00 1 

Vg = — H - V - Sin ncu 0 t 

2 71 n=43,5 n 

The dc component of the current is 14/2 R, and with 

sin nuj 0 t = cos(nc u 0 t — 90°) the kth harmonic phase current is 

2V m /kn 


I 


214 


k ~ 


R + jku 0 L / — 90° kn^/R 2 + ( ku 0 L) 2 

ku 0 L\ 


/— 90° — 9 k 


where 9 k = tan 


-l 


R 


Thus the Fourier series for the steady-state current is 

■ _ 14 214 sin(nccot 4) ^ 

2R n n=U5 ny/R 2 + ( nou 0 L) 2 
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The steady-state current will alternate between I\ and I 2 in exponential traces 
as shown. Assuming t = 0 at the instant i increases toward (' V m /R ), we have 

tOT 

and i = I 2 e~^~^ T / 2 ^/ T for T/2 < t < T, where r = L/R. Now we solve for I\ 
and I 2 by noting that 

h = he- T/2r and I, = A + (/, - e~ T ^ 

These two equations are now solved for R. Letting x — T /‘It, wc get 

r _ c Vm/R)e- X 

1 1 — - 

1 + e~ x 

Therefore the equations for i become 



f?(l + e~ x ) 


e 


■t/T 


T 

for 0 < t < — and 
“ “ 2 


i 


Vm p~[t~(T/ 2)]/r 

R(1 + e~ x )\ 


for - <t<T 
2 ~ ~ 


A check on the validity of these expressions shows they yield an average value 
of iy m /2R): 



1 

T 




2 R 


since R + 1 2 


Cm 

"r 




Problems 


16-25 


P 16.24 


P 16.25 


4A 00 1 

Vi —— 'Y' — sinnc^oft + T/4) 
^ ni^3.5 n 


4A “ /I 7wr\ 

= — > — sin — cos noj()t 

* n=% 3,5 Vn 2 ' 


cci 0 = — x 10 3 = 500 rad/s; 

47r 7r 


= 60 


4S, /1 n7r \ 

Vi — 60 ^ ( — sin —J cos 500nt V 


n=l,3,5 

From the circuit 

V = V - 

y O 


■ juL = 




Vi = 




1000 + ju 


R + juiL J R/L + joJ 

Vji = 60/tP V; u) = 500 rad/s 
V, :3 = -20^T = 20 /180° V; 3c; = 1500 rad/s 
Vj 5 = 12/T V; 5c o = 2500 rad/s 

j500 


-Vi 


Vo! = 


V o3 = 


V o5 = 


1000 + j'500 
j'1500 

1000 + J1500 
j2500 


(60/tP) = 26.83 /63.43° V 
(20 /180°) = 16.64 /- 146.31° V 
(12/tF) = 11.14 /21.80° V 


1000 4- j2500 

v Q = 26.83 cos(500t + 63.43°) + 16.64 cos(1500t - 146.31°) 

+ 11.14 cos(2500t + 21.80°) 4 -... V 

[a] From the solution to Assessment Problem 16.6 the Fourier series for the input 
voltage is 


v a ~ 42 X 


1 / nn \ 

— sin — , 

n V 2 )\ 


cos 2000nf V 

in \ ') / i 

n=l,3,5 

Also from the solution to Assessment Problem 16.6 we have 


V s i = 42/IF u 0 = 2000 rad/s 
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\ g3 = 14 /180° 
V S 5 = 8.4/tT 
\ g7 = 6 /180° 


3tc; 0 = 6000 rad/s 
5cu 0 = 10,000 rad/s 
7lu 0 = 14,000 rad/s 


From the circuit in Fig. P16.26 we have 


Vo 

V 9 


H{s) 


s 2 + l/LC 

s 2 + (s/RC) + {l/LC) 


Substituting in the numerical values gives 


H(s) 


s 2 + 10 8 
s 2 + 500s + 10 8 


H(j 2000) = 

H(j6000) = 
H(j 10,000) 
iF(j 14,000) 


96 

96 + j 1 
64 

64 + j3 
= 0 

96 

“ 96 - j7 


0.9999 /- 0.60° 
0.9989 /- 2.68° 

= 0.9974 /4.17° 


V 0 i = (42/0°)(0.9999 /— 0.60°) = 41.998 /-0.60° V 
V o3 = (14 /180° ) (0.9989 /- 2.68°) = 13.985 /177.32° V 

Vo5 = 0V 

y o7 = (6 /180°) (0.9974 /4.17°) = 5.984 /184.17° V 

v 0 = 41.998 cos(2000t - 0.60°) + 13.985 cos(6000t + 177.32°) 


+ 5.984 cos(14,000t + 184.17°) + ... V 

[b] The 5th harmonic at the frequency \Jl/LC = 10,000 rad/s has been eliminated 
from the output voltage by the circuit, which is a bandreject filter with a center 
frequency of 10,000 rad/s. 


P 16.26 [a] Note - find i 0 {t) 


Vy-Vg 

16s 


+ yo(12.5 x 10 _6 s) + 


Vo 

1000 


0 


1 1 


K. 

16s 


Vo ——h 12.5 x 10 6 s + 
,16s 


1000 



Problems 16-27 


Vb(1000 + 0 . 2 s 2 + 16s) = 100014 
_ 500014 

vn — 


s 2 + 80s + 5000 


/n = 


V n 


514, 


1000 s 2 + 80s + 5000 
tT(_ _ h_ _ _5_ 

l ' S ' J “ 14 “ s 2 + 80s + 5000 
H(nju 0 ) = 


2vr 

UJQ = — = 240tt; 


H(jnu 0 ) = 


(5000 - n 2 c^) + j8Onu 0 

ul = 57,600vr 2 ; 
5 


80u;o = 19,2007r 


(5000 - 57,600vr 2 n 2 ) + jl9,200vm 
H{ 0) = 10 ” 3 

H(ju 0 ) = 8.82 x 10 ~ 6 /- 173.89° 

H(j2u 0 ) = 2.20 x 10 " 6 /- 176.96° 

H(j3u 0 ) = 9.78 x 10" 7 /— 177.97° 

H(jAu 0 ) = 5.5 x 10" 7 /- 178.48° 


V 9 = 


= 


680 1360 

7T 

680 


7T 

x 10 -3 


1111 
- cos u 0 t + — cos 2u 0 1 + — cos 3 u 0 t + — 
3 15 35 63 


7 r 


1360 

3n 


(8.82 x 10" 6 ) cos(u 0 t - 173.89°) 


1360 

157T 

1360 

35tT 

1360 

63n 


(2.20 x 10" 6 ) cos(2u;ot - 176.96°) 
(9.78 x 10" 7 ) cos(3o;ot - 177.97°) 

(5.5 x 10" 7 ) cos(4o;ot - 178.48°) - ... 


= 216.45 x 10 " 3 - 1.27 x 10 ” 3 cos^ot - 173.89°) 

- 6.35 x 10 " 5 cos(2c;ot - 176.96°) 

- 1.21 x 10 " 5 cos(3o;ot - 177.97°) 

- 3.8 x 10 ” 6 cos(4o> 0 * - 178.48°) 


cos Auj 0 t + ... 
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i 0 = 216.45 - 1.27cos(cu 0 f - 173.89°) mA 

Note that the sinusoidal component is very small compared to the dc 
component, so 

i 0 = 216.45 mA (a dc current) 

[b] Yes, the solution makes sense. The circuit is a low-pass filter which nearly 
eliminates all but the dc component. 

P 16.27 The function is odd with half-wave and quarter-wave symmetry. Therefore, 
a*; = 0, for all k; the function is odd 




Problems 16-29 


i{t) = 


20 


sin(wr/5) 


71 


2 

n=l,3,5 


sin nuj„t A 


n z 


From the circuit. 


H(S) =y = Z IM , 

1 9 


~ ft + rT+7l + sC 


„ = _ 1/C(8 + _ 

eq s 2 + s(R 1 R 2 C + L) jR x LC + (i?! + R 2 )/R 1 LC 


Therefore, 


H(s) = 


320 x 10 4 (s + 32 x 10 4 ) 


s 2 + 32.8 x 10 4 s + 28.8 x 10 8 

We want the output for the third harmonic: 


2vr 

<^o - -TtT ~ 


2vr 


T 20 x IQ" 3 


= 1007r; 3u;o = 3007T 


4.3 = ^ sin = 0.214 /-90 c 


97T 2 5 sin 3u 0 t 


H(j300n) = — 


320 x 10 4 (j300vr + 32 x 10 4 


(j300vr) 2 + 32.8 x 10 4 (j300vr) + 28.8 x 10 8 


= 353.6 /-5.96° 


Therefore, 

V o3 = H(j300n)I g3 = (353.6 /- 5.96°) (0.214 /~ 90°) = 75.7 /- 90° - 5.96° V 


v o3 = 75.7sin(300vrt - 5.96°) V 

P 16.28 cu 0 = — = — x 10 6 = 200 krad/s 
T 10vr 

3 x 10 6 5 x 10 6 

.'. n =-- = 15; n = -- = 25 

0.2 x 10 6 ’ 0.2 x 10 6 


H(s) = 


Vo 

v 9 


(1 /RC)s 

s 2 + (1 /RC)s + (1 /LC) 
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1 

RC 


10 12 

(250 x 10 3 )(4) 


10 6 ; 


1 

LC 


( 10 3 )( 10 12 ) 

(10)(4) 


25 x 10 12 


H(s) 


10 6 s 

s 2 + 10 6 s + 25 x 10 12 


H(jou) 


juj x 10 6 

(25 x 10 12 -to 2 ) +jl0 6 u 


15th harmonic input: 

v gi5 — (150)(1/15) sin(157r/2) cos lbu 0 t — —10cos3 x 10 6 tV 
••• Vgl5 = 10 /— 180° V 

H(j3 x 10 6 ) = j3 = 0.1843/79.38° 

16+j3 

Vois = (10) (0.1843) / — 100.62° V 
v ol5 = 1.84 cos(3 x 10 6 t - 100.62°) V 


25th harmonic input: 

v g25 = (150) (1/25) sin(257r/2) cos 5 x 10 6 t = 6 cos 5 x 10 6 tV 

••• v 925 = 6/rv 


HU 6 x 10 s ) = fTE = 1/r 

0 + j5 


V o25 = 6/0° V 


Vo 25 = 6 cos 5 x 10 6 t V 


P 16.29 [a] a v = ^ 


1 (T\ T 

2 V 2 ) m + 2 m . 


3/n 


i(t) = ^t, 0 <t< Tf 2 

i(t) = I mi T/2 < t < T 

2 [ T /*2I m , ,2 [ T T 

a k = — / — —t cos kio Q t at + — l m cos ku Q t dt 

1 Jo 1 1 Jt /2 



Problems 


16-31 


bk = — 


7 T 2 k 2 

2 / >T / 2 21 , 


(cos kir — 1) 


T Jo 

-In 


irk 


34 


d v 

&3 — 
6i = 


4 ’ 

-21 m 

97T 2 

— 4n 

1 

IT 


2 r T 

^ t sin kuj 0 t dt + — I m sin ku 0 t dt 
T T Jt/2 


-2 Im _ „ 

Ol — -~— u 

7r 


bo = 


2tt 


4ms - J -V ^ + ji + 2^2 + - 0 - 8040/ ™ 


4ms = 192.95 mA 


P = (0.19295) 2 (1000) = 37.23W 
[b] Area under i 2 : 

4/ It 3 f/2 r 
m 2 


T 2 3 
= It T 


o 


1 3 
6 + 6 


= 2 r/ 2 

3 m 


4ms = y ^ ' \ TI ™ = = 195 - 96mA 

P = (0.19596) 2 1000 = 38.4W 
37.23 


[c] Error = 


38.40 


- lj (100) = -3.05% 


80 00 1 

P 16.30 v g — 10 4—- ^2 — cos noj C) t V 


7T 


n=l,3,5 


rr 


27T 27T , 

lu 0 = — = — x 10 3 = 500 rad/s 
T 47t 


80 80 

v„ — 10 4—- cos 500t H-- cos 1500t + ... 

7T 2 97T 2 


(Eq. 16.81) 
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Problems 16-33 


V — 

v rms — 


\ 


10 2 + 


7.86 

A 


+ 


0.3658 


= 11.44 V 


V 2 

P = —^ = 1.85 W 
50v/2 


Note - the higher harmonics are severely attenuated and can be ignored. For 
example, the 5th harmonic component of v Q is 

v o5 = (0.1580) f- 80 ^ cos(2500t - 146.04°) = 0.0512 cos(2500t - 146.04°) V 
V257r 2 / 

2(2 4 V ™) _ V m 


P 16.31 [a] a v — 


T 

4 rT/4 




TJ 

414 


14 


414 


T 


m 't | cos ki 0 o tdt 


7 r 2 k' 2 
b k = 0, all k 
60 

a v = — = 15 V 


kn 

1 “ cos T 


240 


a i — 


7T Z 


240 „ , 120 

= Y5 (1_C0S,r) = lY 


Kms 


\ 


(15) 2 + 




= 24.38 V 


(24.38) 2 

P = v = 59.46 W 


10 

[b] Area under v 


2. 


0 < t < 4/4 


2 ornn 28,800 , 57,600 2 
v = 3600 -—— t H ——t 


T 




A = 2 


rT/4 


28,800 57,600 2 

3600 - '——t + ’ t 2 

rp rp2 


dt = 6004 


14ms = y—6004 = V600 = 24.49 V 
P = v / 60Q 2 /10 = 60 W 



16-34 CHAPTER 16. Fourier Series 


/59 46 \ 

[c] Error = —- 1 100 = -0.9041% 

V60.00 J 

P 16.32 [a] v = 15 + 400 cos 500f + 100 cos(1500t - 90°) V 

i = 2 + 5 cos(500f - 30°) + 3 cos(1500f - 15°) A 

P = (15)(2) + *(400)(5) cos(30°) + ^(100)(3) cos(-75°) = 934.85 W 


[b] Kms = 

[C] Cms = 


\ 


. NO /400\ 2 /100\ 2 

(15) + b + b ^ 29L93V 


\ 


/5\ 2 / 8 \ 2 

<2)2+ y +y ^ 458A 


pT /6 / r P T 1 

P 16.33 [a] Area under v 2 = A = 4 / — dt + 2V 2 - - - 

Jo T 1 V 3 6 


TV 2 T V 2 T 

m . m 

9 bT 


Therefore E ms = 


1 2 V 2 T V 2 T\ 2 1 

^= V m \ - + - = 74.5356V 
IT 3 y V 9 3 


[b] = 105.30 sincuof — 4.21 sin 5cuo t + 2.15 sin 7uJot + • • • V 


/(105.30) 2 + (4.21) 2 + (2.15) 2 

Therefore V rms ^ \l- ---= 74.5306 V 


P 16.34 [a] v(t) = -^{sincUof 4—sin3cu 0 £ 4—sin 5u> 0 t 4—sin 7oj 0 t 4—sin9cu 0 f + • • •} 
7T 3 5 7 9 


V — 

v rms — 


480 

( 1 

7T \ 

\y/2 

480 

y 

77^2 

117.55V 


+ 


+ 


v 5V2, 


+ 


7y/2 y 


+ 


9b2, 


1111 
9 + 25 + 49 + 81 


[b] % error = 


'117.55 
120 

, . 960 f . 1 . o 1 . r 

|cj v(t) = —— < sm uj Q t + - sin 6uj 0 t + — sin5cu 0 f 

7T 2 L 9 25 


l) (100) = -2.04% 


1 1 

4- — sin 7c o Q t + — sin 9c o Q t - ■ ■ ■ 
49 81 


V — 

* rms — 


960 


7T 


! v/2 


111 1 

1 + + 7777^ + 777777T + 


81 625 2401 6561 


= 69.2765 V 



Problems 16-35 


120 

Kms = -j= = 69.2820 V 


error = 


69.2765 

69.2820 


- ij (100) = -0.0081% 


„ r n , 340 680 f 1 1 

P 16.35 [a] v(t) ~- < - cosc o 0 t H-cos2c<; 0 t + 

71 71 13 15 


V « 

1 rms 


\ 


/340\ 2 

/680\ 2 

ft i V. 

1 VI 

l w 

+ ITT) 

V3V27 

lW2 J _ 


340 

= -Wl + 4 —+ — = 120.0819 V 


71 


18 450 


170 


[b] Kms = -j= = 120.2082 


error = 


120.0819 

120.2082 


l) (100) = -0.11% 


, , 170 340 

[c] v(t) ~-h 85 sm uj Q t —-— cos 2 u Q t 


7 r 


37T 


V„ 




\ V 7T ) 

170 


+ 


340 


V2J \3y/2- 


84.8021V 


77 . 


Kms = — = 85 V 
% error = —0.23% 


P 16.36 [a] Half-wave symmetry a v = 0, a k = b k = 0, even k. For k odd, 


4 l' T / 4 Air, 




■t cos kuotdt = 


16 Im. 


TJ o T 
16 I m f cos kuot t 


Ji2 

16 Im 
2^2 

21 

rr 


k 2 ujl 


+ 


kui 


Ji2 

sin ku 0 t 


o 


t cos ku>ot dt 


o 


T/4 

0 


' T . kn 1 

0 + 77 -sm — - —— 

4/cu;o 2 k 2 u)Q 




' kn' 


sm 


b k = 


Tik 

4 r T / 4 4/, 
o 


2 

7T k 


T 


16 I rn fT/ 4 

m t sin kunt dt = / t sin fcoint dt 

T T 2 J o 


16/ m ( sin kuj{)t t 


'J 1 2 


k 2 UJ 2 0 


kuji 


COS kuint 


T / 4 4/„ 


kn 


ir 2 k 2 


sm 
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[b] a k - jb k = 
a \ - jb\ = 
a 3 - jb 3 = 
- jh = 
(17 ~ jb 7 = 


27 

Zjl m 

nk 

2 L 


71 

2 Irn 
3n 
27 
57r 

2 Cn 
7n 


' kn' 


Sill 


irk 


J —r sin 

71 k 


kn' 

~2~ 


n 


n 


1-- = 0-477 m /~ 60. 


2 \ 


3nJ 


2 \ 


-1 - — + j — = 0.267 m /170.07' 


37T/ 




2 \ 


77T/ 


2 \ 


1-— +J — h0.1Q7 m A7 5 . 2 3 l 


7nJ 


i g = 0.477 m cos(cu 0 f — 60.28°) + 0.267 m cos(3cu 0 £ + 170.07°) 

+ 0.117 m cos(5u;ot — 8.30°) + 0.107 m cos(7cuot + 175.23°) + 


[C] Ig = 


-T (H 

\J n=l,3,5 V ^ , 


— 7 

— 1 n 


' (0.47) 2 + (0.26) 2 + (0.11) 2 + (0.10) 2 


= 0.397„ 


[d] Area under i 2 = 2 


HA (Mm A 2 df = f 321 m \ (C\ \ T A IlT 


r 0 


T 


\ T 2 


0 


6 


4 = 


1 


6 J Vq 


= 0.417„ 


/ estimated \ / 0.39277 m \ 

[e % error =-1 100 = -^ - 1 100 = -3 

V exact J \(Im/V 6) J 

P 16.37 [a] v has half-wave symmetry, quarter-wave symmetry, and is odd 
.'. a v = 0, a k = 0 all k, b k = 0 /c-even 

8 HA 


8 /•-'/ 4 

b k = — fit) sin ku Q t dt, 7-odd 
T J 0 


8 f r T AV m [ T A 

— < / — sin ku 0 t dt + V m sin ku Q t dt 

T [ J 0 4 J T/8 


8 Pm 

cos ku) 0 t 

T/8" 

8Pm 

cos ku Q t 

4T 

kco 0 

0 

+ T 

ku Q 


T/4 

T/8. 


8 Pm 
Aku n T 


kn 

1 — cos —— 
4 


+ 


_81m_ 

T7cu n 


kn 

cos —-0 

4 



Problems 16-37 


8 Vm 
koj 0 T 



1 kn 

—- cos —— + cos 
4 4 



4V m 

7 rk 



+ 0.75 cos 



1 

k 


[10 + 30 cos(/c7r/4)] 
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57,600 l 3 

T 2 ¥ 


T/8 


+ 4001 


T / 4 3200l 2 


T/8 


+ 


T 2 


T / 4 6400l 3 

+ 


T/8 

7T 


5 ^ 600 T + 400— + 1600— + 6400- 

1536 8 64 1536 


T 2 3 


= 575 T 
3 


T/4 

T/8 


Irms 


1 /575, 


[b] P = 


V 2 


15 


T \ 3 


= 12.78W 


T = 


1 575 


= 13.84 V 


[c] From Problem 16.16, 

80 

bi = — (2 cos 45° + 7T sin 90° - 3) = 12.61 V 

7T 2 

v g = 12.61 sin u+l V 
(19.57/^ = 


[d] % error = 


15 

/ 5.30 


- l) (100) = -61.71% 


V 13.84 

P 16.39 Figure P16.39(b): t a = 0.2 s; t b = 0.6 s 


v = 501 0 < t < 0.2 
v = -50 1 + 20 0.2 < t < 0.6 
v = 25 1 - 25 0.6 < t < 1.0 


Area 1 under v 2 


Area 2 = A 2 = 

Area 3 = A 3 = 


Ai + Ai + A3 


r o.2 20 

= Ai= 25001 2 dt = — 

Jo 3 

+.6 

I 100(4 - 201 + 251 2 ) dt = 
0.2 

/•no 40 

I 625(l 2 - 21 + 1) dt = — 
0.6 3 

100 

IT 


40 

y 


I'rnis 



10 

71 


V. 



Problems 16-39 


P 16.40 


Figure P16.39(c): t a — t b — 0.4 s 
v(t) = 25 1 0 < t < 0.4 


v (t) = ~(t -l) 0.4 < t < 1 
3 


A\ 


r0.4 


625t 2 dt 


40 

3 


^2 


r 10 2500 
/0.4 9 




2 t + 1) dt 


60 

y 


A\ + ^2 


100 

IT 


I'rnis 



(Ai + A 2 ) 



10 

7s 


V. 


Figure P16.39 (d): t a = t b = 1 


v = lOt 0 < t < 1 


r 1 n , ioo 

Ai= 100t 2 dt = —- 
Jo 3 



10 

71 


V. 


Cn 


1 t' T / 4 • t 

- / V m e~ 3nUot dt 
T Jo 


v m 

" e ~jnuj 0 t 

T/4" 

T 

-jnLU 0 

0 


_!^_f n( p -jnir/2 _ 

Tnu 0 [J[ 


1 )] 


V m 


2 nn 


. nir 
sm — 
2 


+ 3 


. Vrr 


2 irn 



Vrn_ 
27 xn 


m r 


Sill 




OO 

v(t)= E c ne j ™ ot 

rt ——oo 


c n = a 7; 


1 

T 



Vm 
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V m rsin(n7r/2) 1 — cos(mr/2) 

Co = - 3 - 

2tt n->o n n 


V m I" (7r/2) cos(mr/2) . (7r/2) sin(mr/2) 


r in i. 

— Iim 

2tt n—>0 


7T . Vm 

= 2^[2- j0 J = T 


Note it is much easier to use c Q = a v than to use L’Hopital’s rule to find the limit of 

0 / 0 . 


P 16.41 c 0 = a v = 


V T 1 1/ 

K m- 1 - ■*- v m 

~Y~ ' t ~ T 


c n = — / — te jnuJot dt 

TJ o T 


V m \ e - jWjJot 


T 2 -n 2 ul 


{-jnuj 0 t - 1) 


V m \ e -^ T / T ( 27t \ 1 . . 

HA. - (-jn—T-l) 


T 2 [ -n 2 cug 
Vm r 1 , 


—n 2 cUo 


+ 3 n27r ) “ 

i - [ n rrcug 


= j-4^, n = ±1, ±2, ±3,. 
2 wr 


/1 r T /1 r T /V 

P 16.42 [a] V Tms =J f J o v 2 dt = \j- ^ 


^2 + 3 ,T 


Vl_Vn 
V 3 73 

(120/73) 2 

P = 2 - = 480 W 

10 

[b] From the solution to Problem 16.41 


c o = = 60 V; 

120 60 
ci = 1 ^— = j —; 

2n 7T 


120 15 

C4= j— = j — 

87r 7T 

120 12 

C5 = Jttt = j — 
107T 7T 



Problems 16-41 


120 30 

c 2 = jy = j — ; 
An n 

.120 .20 

Qs j n, j j 
bn n 


14 ms 


\ 


2E 

71—1 


C6 = 3 


,120 _ .10 
127r ^ n 

,120 .8.57 


C7 = J Un =J 


n 


= sjbb 2 + ^(60 2 + 30 2 + 20 2 + 15 2 + 12 2 + 10 2 + 8.57 2 ) 
= 68.58 V 


[c] P = (68 ' 58) = 470.29W 
10 


error = 


470.29 


P 16.43 [a] C 0 = a v = 
C -I 


480 

(l/2)(T/2)V m V, 


l) (100) = -2.02% 


T 

1 /' T / 2 214 


m 

A 


T Jo T 
2 V1 


-te 


—jnujot 


dt 




Vrr 


e ~jnu} 0 t. ' T / 2 

(- jnu Q t - 1) 


— n 2 u 2 


= + x) - 1] 

Since e~ jn7T = cos nn we can write 

n \ i - I'm 

c n = (cos nn - 1) + j -— cos nn 

2n 2 n 2 2nn 

54 

[b] C 0 = T = 13.5 V 
—54 27 

C4, = —+ 7— = 10.19/122.48° V 
n 2 n 

Ci = 10.19 /- 122.48° V 
13 5 

C_3 = — ?' —— = 4.30/- 90° V 
n 

C 2 = 4.30/90° V 

C_, = ^ + ? 9 = 2.93/101.98° V 
n 2 n 


C 3 = 2.93 /- 101.98° V 
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Problems 16-43 


Ci = 0.0406 /- 122.48° V 

C —2 = (4.30 /— 90°) (5.33 x 10~ 5 /86.23° ) = 2.29 x 10~ 4 /-3.77° V 
C 2 = 2.29 x 10~ 4 /3.77° V 

C_ 3 = (2.93 /101.98°) (3.00 x 10~ 5 /89.57°) = 8.79 x 10~ 5 /191.55° V 
C 3 = 8.79 x IQ" 5 /- 191.55° V 

C_ 4 = (2.15 /— 90°) (2.13 x 10~ 5 /89.69° ) = 4.58 x 10~ 5 /-0.31° V 
C 4 = 4.58 x 10~ 5 /0.31° V 


[d] Irnis = 


\ 


C! + 2Y,\C„\ 2 = x 2T.\Cn\ 2 

n— 1 \ n =1 

^2(0.0406 2 4- (2.29 x 10" 4 ) 2 + (8.79 x 10” 5 ) 2 + (4.58 x 10" 5 )^ 


(0.0574) 2 

P =45^ = 13 ' 2 " W 



4V 2 V 

H:V m v in 


\ (3)(8) “ v/6 
VU= ^ = 22.05 V 

[b] From the solution to Problem 16.43 

C 0 = 13.5; |C 3 | = 2.93 

|Ci| = 10.19; |C 4 | = 2.15 


|C 2 | = 4.30 

Vg(rms) = ^13.5 2 + 2(10.19 2 + 4.30 2 + 2.93 2 + 2.15 2 ) = 21.29 V 
/2129 \ 

[c] % Error = —— - 1 (100) = -3.44% 

\ ZZ. UD / 


= 0.0574 V 
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P 16.45 [a] From Example 16.3 we have: 


Oj v 


40 

T 


10 v, 


40 

a k = — sm 

7T K 


kn 

T 


bk = 


40 
7 rk 



A k /~ d° k = dk-jbk 


At = 18.01V 9i — —45°, A 2 = 12.73 V, 0 2 = -90° 


A 3 = 6V, 0 3 = -135°, 

A 6 = 4.24 V, 0q = —90°, 


7L 4 = 0, A; = 3.6 V, 0 5 = - 45° 
TL 7 = 2.57V, 0 7 = —135° 


A k (v) 9 k (deg) 



[b] C n = 


d'n j bn 


C- n = 


d'n E jb r 


= Cl 


C 0 = a v = 10 V 
C\ = 9/45° V 
C_ i = 9 /— 45° V 
C 2 = 6.37/90° V 
C_ 2 = 6.37 /- 90° 


C 3 = 3 /135° V C 6 = 2.12/90° V 
C_ 3 = 3 /- 135° V C_ 6 = 2.12 /-90° V 
C 4 = C- 4 = 0 C 7 = 1.29 /135° V 
C 5 = 1.8^5/V C_ 7 = 1.29 /- 135° V 

V C_ 5 = 1.8 / - 45° V 


ICnl 





Problems 


16-45 


P 16.46 [a] From the solution to Problem 16.29 we have 

Ak = a k - jb k = —(cos kn - 1 ) + 

ti-k z 7 rk 

An = 0.75 Im = 180 mA 


240 240 

Ai = — (-2) + j -= 90.56 /122.48° mA 


Ti¬ 


ll 


240 

A 2 = j— = 38.20/90° mA 
27r 

240 240 

A 3 = — -2 )+j— = 26.03 /101.98° mA 
97i z 37r 

240 

A 4 = j — — = 19.10/90° mA 
47T 

240 240 

^ = ^(-2)+jV = 15.40 /97.26° mA 
257T 57T 

240 

A 6 = j -= 12.73/90° mA 

67T 



[b] C 0 = A 0 = 180 mA 

C x = \a 1 /-9 1 = 45.28 /122.48° mA 
C_i = 45.28 /- 122.48° mA 
C 2 = ^A 2 /- 6 2 = 19.1/90° mA 


C— 2 = 19.1 /- 90° mA 
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C 3 = 1. A 3 /-6 3 = 13.02 /101.98° mA 
C - 3 = 13.02 /- 101.98° mA 
C 4 = \jj 4 /-Q 4 = 9.55/90° mA 
C-4 = 9.55 /- 90° mA 
C 5 = ^A 5 /-0 5 = 7.70 /97.26° mA 
C _ 5 = 7.70 /- 97.26° mA 
Cq = ^Aq I-Oq = 6.37/90° mA 
C- 6 = 6.37 /- 90° mA 


200 


♦160 


Crl(mA) 


10CH 

13 02 45.28 
9.55 

6.377.7 _ „ 

H M 


19.1 

X 


45.28 13.02 
| 19 1 9.55 


* „ 7.7 6.37 

t f 1 * 


_6_5 4 -3 -2 -1 0 1 2 3 4 5 6 n 



P 16.47 [a] v = Ai cos(o j a t + 90°) + A 3 cos(3cc 0 f — 90°) 

+A 5 cos(5u ) 0 t + 90°) + A 7 cos(7u > 0 t — 90°) 
v = —Ai sin uj Q t + A 3 sin 3c j a t — A 5 sin 5c v 0 t + A 7 sin 7u a t 

[b] v(—t) = Ai sin c o Q t — A 3 sin 3u 0 t + A 5 sin 5c o Q t — A 7 sin 7c v Q t 

.'. v(—t) — —v(t)] odd function 

[c] v(t - T/2) = —Ai sin(u; 0 t — n) + A 3 sin(3o; 0 f — 3n) 

—A 5 sin(5c xi 0 t — 57r) + A 7 sm(7ou 0 t — 7i r) 

= Ai sin c 0 o t — A 3 sin 3u 0 t + A 5 sin 5c v D t — A 7 sin 7c 0 o t 
.'. v(t — T/2) = —v(t), yes, the function has half-wave symmetry 



Problems 16-47 


[d] Since the function is odd, with hws, we test to see if 

f{T/2-t) = fit) 

f(T/2 — t) = —Ai sin(7r — c o Q t) + A 3 sin(37r — 3c u 0 f) 

A 5 sin(57r — 5c 0 o t) + A 7 sin(77r — 7c 0 o t) 

= —Ai sin u Q t + A 3 sin 3c o Q t — A 5 sin 5c o Q t + A 7 sin 7c o Q t 


f(T/2 — t) = f(t) and the voltage has quarter-wave symmetry 


P 16.48 [a] i = 11,025 cos 10,000t + 1225 cos(30,000f - 180°) + 441 cos(50,000t - 180°) 


+ 225 cos 70,000t /jA 

= 11,025 cos 10,000t - 1225 cos 30,000f - 441 cos 50,000f 
+ 225 cos 70,000t /iA 

[b] i(t)=i(—t), Function is even 

[c] Yes, A 0 = 0, A n = 0 for neven 


[d] 

[e] 


7rms 


'11,0252 + 1225 2 + 441 2 + 225 2 


= 7.85 mA 


A\ = 11,025/tT /iA; 

A 3 = 1225 /180° uA\ 
A 5 = 441 /180° juA; 

A 7 = 225/OfjuA; 

C_i = 5512.50/0///A; 
C . 5 = 220.5 /- 180° 


Ci = 5512.50/0/yuA 
C 3 = 612.5 /180° iiA 
C 5 = 220.5 /180° iiA 
C 7 = 112.50/0/ /rA 

C_ 3 = 612.5 /- 180° nA 
C_ 7 = 112.50/0/yuA 


i = 112.5e" i70 ’ 000i + 220.5e" il80 °e" i50 ’ 000t + 612.5e' il80O e" i30 ’ 000t 


+ 5512.5e" il0 ’ 000t + 5512.5e il0 ’ 00W + 612.5e il80 °e i30 ’ 000t 
+ 220.5e il8 °V 50 ’ 000t + 112.5e i70 ’ 000t yuA 
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m 


5512.5 f 


I Col 

(M-A) 

f 5512.5 


f 612.5 


f 612.5 


f 220.5 


f 220.5 


+ 112.5 


-70 -50 -30 -10 0 10 30 50 70 



(krad/s) 


P 16.49 From Table 15.1 we have 

H(s) = ' 


(s + l)(s 2 + s + 1) 

After scaling we get 


H'is) = 


10 6 


[s + 100)(s 2 + 100s + 10 4 ) 


u a = — = — x 10 3 = 400 rad/s 
T 57r 

. . H\jnu 0 ) = (1 + j4n )[(i _ 16 n 2) + j4n ] 


It follows that 


112.5 


(krad/s) 


H(j 0) = 1/V 

























Problems 16-49 


H (**> = (1 +/4)(—15 + /4) = 0^56/^2403! 


H{j2u n ) = ---- = 0.00195/- 255.64° 

1 ' (1 + j8)(—63 + j8) L - 


A A 2A cos nuj 0 t 

v g [t) = - + — sin u 0 t -2^ ——— 

' ^ 2 ^ n=l+6, n2 - 1 

= 54 4- 277T sin uj 0 t — 36 cos 2u 0 t — ■ ■ ■ V 


.-. n 0 = 54 + 1.33sin(400t - 241.03°) - 0.07cos(800t - 255.64°)-V 

P 16.50 Using the technique outlined in Problem 16.17 we can derive the Fourier series for 
v g [t). We get 


OUU ^ I 

i\t) — 100 4-- 2^ —^ cos nu 0 t 


jr2 ;V}2 

n n= 1,3,5, n 


The transfer function of the prototype second-order low pass Butterworth filter is 


H(s) — - 7 =-, where u c — \ rad/s 

s 2 + y/2s + l- 

Now frequency scale using kf — 2000 to get lu c = 2 krad/s: 


H(s) = 


4 x 10 6 

s 2 + 2000 V^s + 4 x 10 6 


H(j 0) = 1 

4 x 10 6 

H 75000) =-_-= 0.1580/- 146.04° 

(j 5000) 2 + 2000v / 2(j5000) 2 + 4 x 10 6 - 

4 x 10 6 

H (715,000) =-^-= 0.0178/- 169.13° 

j'15,000) 2 + 2000^ jl5,000 2 + 4 x 10 6 L - 


Vdc = 100 V 


Vgl = 


Y = ^ /Q° v 
Vfl3 9vr 2/y - 
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Vodc = 100(1) = 100 V 

V ol = ^ (0.1580/- 146.04°) = 12.81/- 146.04° V 
n- 


\„3 = ^(0.0178/ - 169.13°) = 0.16/- 169.13° V 
9tt z 


v a (t) = 100 + 12.81 cos(5000f - 146.04°) 

+ 0.16 cos(15,000f - 169.13°) + • • • V 


P 16.51 [a] Let V a represent the node voltage across R 2 , then the node-voltage equations are 

^ + ^ + V a sC 2 + {V a - Vo)sCi = 0 

-Til K 2 

(0 - V a )sC 2 + ^ = 0 

Hi 

Solving for V 0 in terms of V„ yields 


-l 

RiCR 


It follows that 

R\ + R 2 
R 1 R 2 R 3 C 1 C 2 
1/11 


R 1 +R 2 


R1R2 R3 C1C2 


(Jjl = 


ij R.i (r, ' cj 


K — — ( _—_ 

0 r 1 \c 1 + c 2 


Note that 


H{s) = 


-Bsl( c 2 ) _L(_L + ±\ S 
Ri \c 1 +c 2 ) R3 VCi ^ c 2 ) * 


S 2 + — f ^ ,s — ( — ik+Rs ) 

* ^ R 3 VCi ^ C 2 ) b ^ \RiR2R$C 1 C 2 ] 


[b] For the given values of Ri, R 2 , R 3 , Ci, and C 2 we have 
R,i ( C 2 \ R 3 400 


Ri VCi + C 2 
1 / i 1 
R3 

R.\ + R -2 


2 R l 
= 2000 


313 


R 1 R 2 R 3 C 1 C 2 


= 0.16 x 10 10 = 16 x 10 8 



Problems 16-51 


H(s) = 


—(400/313)(2000)s 
s 2 + 2000s + 16 x 10 8 

c u 0 = x 10 6 = 4 x 10 4 rad/s 


T 507T 


H (jnu> 0 ) = 


— (400/313) (2000) jnc<; 0 
16 x 10 8 — n 2 u) 2 + j2000nu> o 

—j(20/313)n 
(1 - n 2 ) + j0.05n 


h(m) = ~ J(2(V313) = = -i. ; 


j (0.050) 


313 


H{j3uj 0 ) = j(20 ^ 3 .^ 3 ? ( r 3) = 0.0240 /91.07° 


-8 +j0.15 

\ (100/313) nmoo/nn , nC 

H(]bu 0 ) = = 0.0133 /90.60 


-24 +j0.25 

. 4A ++ 1 , 

v g(t) = — 2^ — sin(mr/2) cosncu 0 t 

77 n= 1 , 3,5 Tl 

A = 15.65t rV 

v 9 (t) = 62.60 cos uj 0 t — 20.87 cos 3 u Q t + 12.52 cos 5 u Q t 


v a (t) = —80 cos u> 0 t — 0.50 cos(3cc; 0 t + 91.07°) 
+ 0.17cos(5w o t +90.60°)-V 
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The Fourier Transform 


Assessment Problems 


AP 17.1 [a] F(w) = / (-Ae 

J — r/2 


A 


72 


Ae~ juJt dt 


= _ [2 — — e -i' jJT l 2 ' 


271 


1 - 


W2 _|_ g-jW/2 


7^ 

—J 234 


n wr i 
a; [1 ~ C ° S T ] 


poo . POO . 1 

[b] F(w) = / te- at e~ ]Ut dt = / ^- (a+ja,) * dt = -- 

7o 7o (a + ja;)^ 

AP 17.2 /(7) = i-|y > 2 4e^(iw + J* e jtu} du + eL>} 


j27Tt 


{4e J ’ 2 * — 4e ■ ?3t + e- 724 — e i 2t + 4e j3 * — 4c- 72 *} 


1 

Tit 


3e~ j2t - 3e j2t 4e j3t - Ae~ j3t 

- + - 


7'2 


7'2 


= — (4 sin 3t — 3 sin 2 1) 

Tit 


AP 17.3 [a] F(u) = F(s) | a=fw = £{e a smu 0 t} s=jlJJ 

UJq 


\S=]U 

Uq 


(5 + CL) + UJq 

[b] F(u) = £{/(-*)},=_*, = 


s=ju> (o + j'A) 2 + ^0 

1 


(s + a) 2 


S=~]U 


('a - juj ) 2 


17-1 



17-2 CHAPTER 17. The Fourier Transform 


at 


[c] / + (f) = te a , / (f) = te 

£{/ + (<)} = t4^. £{/’(-*)}= 


Therefore F(u;) = 


(s + a) 2 ’ v ' J (s + a) 2 

1 1 —j4au 

(a + jco ) 2 (a — ju) 2 (a 2 + a; 2 ) 2 


94 _ r _o 4 r 

AP 17.4 [a] /'(f) = —, — < t < 0; /'(f) =-, 0 < f < - 

T l T 2 

9 4 24 

/'(f) = —[w(f + t/2) - u(t)\ [u(t) - u(t - r/2)] 

r r 

2A , , . 4A . . 2A . 

= — u{t + r/2) w(f) 4 u(t — r/2) 

r r r 

, r W ^4+0-> + ^K 


[b] ^{/"(f)} = 


2A c jur /2 _ ^ + 2A c -jujr/2 


L r 


r r 


4A 

~ e 3ur/2 _|_ e -jwT/2 

1 

4A 

cos | 

^ -1 

r 

2 

r 

4 2/ 4 


[c] ^{/"(f)} = (ju) 2 F(u) = — o> 2 F(c<;); therefore F(u;) = 


Thus we have F(cu) = — 


AP 17.5 u(f) = 14 


r 


M (f+ 2 j-^f- 2 


or t r 
r s 


cos ( 4 ) - 1 


r 


•M u (f + - 


4- 

ju 


Jut/2 


T \ u (f — 


r 


7n5(u;) 4- 

ju 


o-Jut /2 


Therefore 4 (cu) 



n5(tjj) 4- 

e i^r/2 _ e -jwT/2 


7^. 



■9T/ W 1 1 , • ( UT \ 

]2V m 7io(u) sin I — I 4- Sin I — ) 


{Vmr) sin (cur/2) 
cur/2 





Problems 17-3 


20 

AP 17.6 [a] I g (u) = ^{lOsgnt} = — 


[b] H{s) = 


V 0 


Using current division and Ohm’s law, 


V 0 = -I 2 s = - 

Aq 

H(s) = ' 


L4 + 1 + sj 


H(u) = 


{~Ia)s = 


j 4u 


4 s 

5 + s" 


80 


5 + ju 


s + 5 ’ " v " / 5 + ju 

[c] v 0 (u>) = H(u>) ■ 4(0,) = (-AU) (-) 

\5 + jujJ \juJ 

[d] v 0 (t) = 80 e~ 5t u(t) V 

[e] Using current division, 

u(0~) = \i g = ^(—10) = —2A 

[f] + (0 + ) =i 9 + i 2 (0 + ) = 10 + i 2 (0“) = 10 + 8 = 18A 

[g] Using current division, 

i 2 (0") = |(10) = 8A 
5 

[h] Since the current in an inductor must be continuous, 

i 2 (0+) =i 2 (0”) =8A 

[i] Since the inductor behaves as a short circuit for t < 0, 

+(0") = 0V 

M A,(0 + ) = li 2 (0 + ) +4^(0+) = 80V 


AP 17.7 [a] V g (u) = 


1 N 1 

--:-b 7r<5(cc) + — 

1-JCC JU 


0-51| (1/s) 


1 


H V 9 1 + 0.5|| (1/s) s + 3 ’ 


H(u) = 


1 

3 + ju 


V a (u) 


H{u)V g (u) 


1 1 

(1 - ju )(3 + ju) + ju{3 + ju) + 
1/4 1/4 1/3 1/3 


1-ju 

1/4 

1 — ju 

1/4 

1-ju 


3 + ju ju 
1/3 1/12 

ju 3 + ju 
1/3 1/12 

ju 3 + ju 


3 +ju 
tt5(u) 

3 +ju 
tt5(u) 


7 tS(u) 


3 +ju 
7t5(u) 

3+ju 
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Therefore v a (t) = 


7 et u(~t) + ^sgn t - T^-e 3 t u(t ) + 7 


6 


"*]»*(0-) = |-|+o+| = |v 

^) = 0+ rs + n v 

v a (oo) =0+-+0+-=^V 


6 


6 3 


12 


6 


AP 17.8 v(t) = Ate t u{t)] V(u;) = 


(1+ju;) 2 


Therefore |%(o;)| = 


1 + c u 2 


W ia = - 


1 /V3 


7T JO 

16 f 1 


n 2 


(1 + 0J 2 ) 

C 0 


du 


, , „ + tan 1 — 

n 2 La; 2 + 1 1 


a; 


Jo 


= 16 


y/3 1 

87T 6 


= 3.769 J 


Win (total) = - 


8 

U 1 u~ 

——- + tan — 

OO 

8 

r re 1 
0 + - 

71 

.a; 2 + 1 1. 

0 

7T 

L 2 J 


= 4 J 


Therefore 


3.769 


(100) = 94.23% 


AP 17.9 |%(o;)| = 6-( I u. 


V20007T, 

( 72 \ 


0 < u < 20007T 
36 


jFMI 2 - 36 - ( 2 ^) « + ( 4t 2 x 10 e) 


U 


W ia = 


| r 20007 T 


7r Jo 


72a; 36 x 10” 6 


36-—— + 

2000vr 


47T 2 


-CO 


du 


1 

7T 


36a; 


72a; 2 36 x 10” 6 a; 3n 2 °°° T 

+ 


40007T 


12tt 2 


j 0 


1 

7T 


72 _ 36 x 10- 6 (2000 tt) 3 


36(2000,r) ■ iooo; (2000,r) + 


12ir 2 



Problems 17-5 


= 36(2000) - 


72(2000) 2 36 x 10" 6 (2000) s 


= 24 kJ 


T „ 24 x 10 3 . T 

W'TlkO — „—, fV > — 4J 
6 x 10 3 
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Problems 


P 17.1 [a] F(u) = 

[b] F(u) = 


I -2 


A sin ( ^ )t 


e~ jut dt = 2 jAnA 2 sin2cu 
7T 2 — 4 CU 2 


r o /27l 


—r/2 V r 


—t + A) e~ juJt dt + 


/ 2 /—2t1 


r 


t + A) e- jujt dt 


471 

CU 2 r 


1 - cos (f )j 


/■r/2 94 

P 17.2 [a] F(cu) = / — te-^dt 

J—t/2 T 


271 

r 

271 

cu 2 r 


D -jujt 


~U 


-(-jut- 1) 


r/2 


-r/2 




271 

cu 2 r 


0 -jwr /2 ^ 7 u;r _|_ _ e i^r/2 


-W 2 _ pi^r/2 _j_ (p-jur /2 _|_ gjwr/2 


. 271 

=7 — 

T 


.cur / 

+J T ( 

cur cos (cur/2) — 2sin(cur/2) 


cu 


[b] Using L’Hopital’s rule, 

[cur (r/2) (— sin cur/2) + r coscu(r/2) — 2 (r/2) cos(cur/2) 


F(0) = lim j'2t4 

uj—>0 


= lim /27l 

C < 7—^0 


2cur 


= lim ?27l 


—cur(r/2) sin(cur/2) 
2cur 

—r sin (cur/2) 


= 0 


F ( 0)=0 

[c] When A = 1 and r = 1 

cucos(cu/2) — 2sin(cu/2) 


r(w) = j2 

|r(")l = 


CU Z 


2cucos(cu/2) — 4sin(cu/2) 


cu 


F( 0) = 0 



Problems 


W2)l = 

1-^(4) | = 

\m\ = 
ins)i = 
\m\ = 

inioji = 
ini2)i = 
ini4)i = 

|f (15.5)| 


4 cos 1 — 4 sin 1 


8 cos 2 — 4 sin 2 


16 

12 cos 3 — 4 sin 3 


36 

16 cos 4 — 4 sin 4 


= 0.30 

= 0.44 

= 0.35 


64 


= 0.12 


18 cos 4.5 — 4 sin 4.5 


81 

20 cos 5 — 4 sin 5 


** 0 


100 

24 cos 6 — 4 sin 6 


144 

28 cos 7 — 4 sin 7 


= 0.10 

= 0.17 

= 0.09 


196 

31 cos 7.75-4 sin 7.75 


240.25 


r^j 


0 



P 17.3 [a] F(u) = A H- u, — u 0 /2 < u> < 0 


F(u) = A - u, 0 < uj < uj 0 /2 

L0 o 


F(u) = 0 


elsewhere 
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m = T i (a + — 7 ) e>‘“ du 

2lT J-oJo/2 V C 0 o ) 

1 [Uo/2 / 2A \ 

+ — / (A-c o)C tu du 

2n J o V / 


i r / -u /-o 9^4 

f(t) — — / Tle- 7 ^ du + — ue jtu> du 

Z7T . «/— Wo/2 J —cJo/2 

/■«o/2 /-Wo/2 2A 

+ / du - / —cue^ du 

7o Jo cu G 


2vr 


Inti + Int2 + Int3 — Int4 


Inti = 


Int2 = 


Int3 = 


'—Wo /2 

A 2 A 

' cj 0 /2 Cc )q 

rWo/2 


Ae jt “(Lu=-(l-e- jt “° /2 ) 

J — Wn/2 jt 


ue jt0J du = ^4(1 - j^e-^ 2 - e 


u Q t 2 

ruo/2 A , 

/ Ae> tu dw= -( e Jtoo/ 2 -l) 

Jo ; 


Int4 = r° /2 —ue jtuJ du = ^{-j—e jtuJ ° /2 + e^ o/ 
JO Uo u Q t z 

2 A 

Inti 4- Int3 = — sin(cu 0 t/2) 

4A 2A 

Int2 — Int4 = —-[1 — cos(cu 0 t/2)]-sin(tu 0 i/2) 

UqE t 


m = 


27 T 


4A 


u 


J 2 


(1 — cos(cu 0 t/2)) 


2A 

TTU 0 t 2 L 


4cu D 2l . 2 

- G 1 T“ ^ 

nu 2 t 2 


2 sin 2 (u 0 t/4) 
sin 2 (u 0 t/4) 


UoA 

4n 


sin(cu 0 t/4) 

{u 0 t/4) 


[b] /(0) = ^(l) 2 = 79.58 x 10~ 3 u o A 

47T 


—jtu ) 0 /2 


-1) 



Problems 17-9 


P 17.4 


[c] A = 20vr; 


u Q = 2 rad/s 


m 


sin(t/2) 

(</ 2 ) 



[a] F(s) = = 

n«) = nx) 

FM = 


(s + a) 2 

+ F(*) 


1 S=juj 


\s=-ju> 

1 

+ 

r 1 1 

_(a +jo;) 2 _ 

1 

IT 

1 

to 

1_ 

2(a 2 - 

a;2 ) 

2 (a 2 

(a 2 — a; 2 ) 2 + 4a 2 u; 2 (a 2 - 

t 3 e~ at } = - 
1 1 

6 


[s + a) 4 


F(v) = F(s) 


+ F(s) 


S=JUJ 


S=~JUJ 


F(u) = 


6 


6 


(a + ju) 4 (a - ju) 4 

s + a 


= — j4Sau 


[c] F(s) = £{e at cos u 0 t} = 


a 2 — a; 2 
(a 2 + cu 2 ) 4 

0.5 


+ 


0.5 


(s + a) 2 + cUg (s + a) — ju o (s + a) + juo 


F(u) = F(s) 

F(w) = 


+ F(s) 


S=JUJ 

0.5 


S=-JU 


+ 


0.5 


(a + ju) - ju o (a + ju) + ju 0 

0.5 0.5 

+ 


(a - ju) - ju 0 (a - ju) + ju 0 

a a 

+ 


a 2 + (u — cug) 2 o? + (u + c^o) 
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P 17.5 


P 17.6 


P 17.7 


P 17.8 


[d] F(s) = C{e at sin u 0 t} = 


Uq 


~j 0-5 


+ 


7 0.5 


(s + a) 2 + ujI (s + a) - j uj 0 {s + a) + ju 0 


F(u) = F(s) 

F( W ) = 


F( S ) 


S=JU> 

-ja 


S=-JUJ 


+ 


ja 


a 2 + (u - u 0 ) 2 a 2 + (u + cu 0 ) 2 

/ OO 

<5(f — t 0 )e~ jult dt = e~ ju}t ° 

-oo 

(Use the sifting property of the Dirac delta function.) 


JF{sinu;of} = T ■ 


ojuot ' 


2 j 


?-ju 0 t ' 


- F • 


2.7 


= — [27t<5 (cu — cu 0 ) — 2nd (u + cu 0 )] 

2 j 

= jn[S(u + cu 0 ) - d(u - cu 0 )] 

fit) = — / [7L(cu) + y £?(cu)] [cos feu + j sin feu] du 

2n J-oo 

1 f°° 

— — [A(u) costu — B(u) sin tu]du 

2n 7-oo 

j r°° 

+ — / [7L(eu) sin tu + B(u) cos tu] du 

2n 7-oo 

But /(f) is real, therefore the second integral in the sum is zero. 

By hypothesis, /(f) = —/(—f). From Problem 17.6, we have 
1 r°° 

/(—f) = — / [A{u) costu + B{u) sin feu] du 

2n 7-oo 

For /(f) = —/(—f), the integral A(u) costu du must be zero. Therefore, if 
/(f) is real and odd, we have 

— 1 r°° 

f(t) = —— / B (cu) sin tu du 
2n 7-oo 

“7 2 




eu 


therefore B(u) = 


thus we have 


eu 


1 r°° (— 2\ . 1 r°° sm feu 

Jit) — -/ — sm tu du = — / -aeu 

27r 7-oo \ u J n 7-oo eu 


„ sin feu . , . 2 f 00 sin tu , 

But - is even; therefore /(f) = — / - du 


u 


n Jo u 



Problems 17-11 


Therefore, 


m = l • | = i 


m = 


7T 


-71 


t > 0 
= -lt<0 


from a table of definite integrals 


Therefore fit) = sgn t 

P 17.9 From Problem 17.4[c] we have 

e e 


F(u) = 


+ 


e 2 + (cu - u 0 ) 2 e 2 + (u + cc 0 ) 


Note that as e —* 0, F(u) —* 0 everywhere except at u; = ±cc 0 . At u — ±cu 0 , 
F(u) = 1/e, therefore F(u;) —>• oo at u — ±.u G as e —* 0. The area under each 
bell-shaped curve is independent of e, that is 


edu 


edu 


= 71 


J —oo 6^ + ( (jJ — CU 0 ) 2 J —oo 6^ “I - (UJ “I - 

Therefore as e —* 0, F(u) —>■ 7r<5(u; — cc 0 ) + 7r<5(cu + cc 0 ) 

/ OO 

/(f) cos cut dt 

— OO 

pO /*oo 

/(f) cos ut dt + / /(f) cosut dt 

3 7 o 


— OO 


= 2 / /(f) cos ut dt, since /(f) cos ut is also even. 

7 o 

£>(u;) = 0, since /(f) sincuf is an odd function and 


/ 0 poo 

f(t) smut dt = — / /(f)sincuf 

-oo ./0 


dt 


P 17.11 7L(u;) = / /(f) cosut dt + / f(t) cosut dt — 0 

J —oo J 0 

since /(f) cosut is an odd function. 


B(u) = -2 


poo 

/ /(f) sin ut dt, since /(f) sin ut is an even function. 

7o 


P 17.12 [a] T 




dt 


j df(t) \ = 

\ dt J 7-oo dt 
Let u = e~ jut , then du = —jue~ 3LOt : let dv = [df(t)/dt\ dt, then v = /(f). 


Therefore T 


\ df(t) \ 

\ dt J 


= 0 + juF{u) 


— OO J —oo 


f(t)[-jue dt] 
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[b] Fourier transform of /(f) exists, i.e., /(oo) = /(—oo) = 0. 


[c] To find T 


j d 2 f{t) \ 

l dt ' 2 I 


, let g{t) = 


df (f) 


Then T 


d 2 fjt ) 
dt 2 

v 

But G(cu) = T 


— T 


\ dg(t) \ 

\ dt j 


dt 

= juG(u) 


{ df(t) \ 

\ dt j 


= juF(u) 


Therefore we have T 


f d 2 f(t) \ 
\ df 2 j 


= 


Repeated application of this thought process gives 

d n f(t) 


T 


dt r 


= C ju) n F(u). 


P 17.13 [a] T 


f(x) dx \ = 


f(x) dx 


,-jvt 


dt 


Now let u = 


I fix) dx, then du = f(t)dt 

J — OO 


Let dv = e jut dt, then v = 


o-jut 


-juj 


Therefore 

rt 


T 


(ft 'l P rt oo r 

< / fix) dx > = -/ fix) dx — 

\J -oo J J —JtuJ-oo J -oo J 


— OO J —oo 


D-jvt 


-JUJ 


= 0 + fH 




/ OO 

fix) dx = 0 

-oo 

roo _ X 

[c] No, because / e ax uix) dx = - 0 

J —oo CL 


t — oo 
poo 


P 17.14 [a] JF{/(af)} = / fiat)e~ j0Jt dt 

J —oo 

Let u = at, du = a dt, u = ±oo when f = ±oo 
Therefore, 

f{/(a«)} = r f(u)e-^ (-) = if (- 

J—oo \ CL I CL \ CL 


fit) dt 


a > 0 



Problems 17-13 


[b] F{e~^} = 


— + 


1 + jut ' 1 — jcu 1 + u 2 
Therefore F{e~ a = 

Therefore ^{e -0 " 5 ^} = 


0 —a\t\ \ = (l/a)2 

[u/a) 2 + 1 

4 


4cu 2 + 1 ’ 


T{e~^} = 


a; 2 + 1 


T{e 2 ^} = l/[0.25a; 2 + 1], yes as “a” increases, the sketches show that /(f) 
approaches zero faster and F(u) flattens out over the frequency spectrum. 



P 17.15 [a \F{f(t-a)}= f{t-a)e~ juJt dt 

J — oo 

Let u = t — a, then du = dt, t = u + a, and u = ±oo when t = ±oo. 
Therefore, 


/ OO 

f(u)e~ Mu+a) du 

—oo 


= e~ jua / f(u)e~ ju}U du = e~ juja F(u) 


[b] F{e j “ ot f(t)} = 


[c] F{f(t) coscuof} = T \ f{t) 


dt = F{uj-uj G ) 

gj^ot _|_ g— 


= ^F(u - u 0 ) + + u 0 ) 


P 17.16 Y{ u) = 


x(X)h(t — X) dX 


- jwt dt 


/ oo roo 

x{\) / h(t — X)e~ juJt dt 

— OO U — OO 


dX 
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Let u — t — A, du — dt, and u = ±oo, when t = ±oo. 


Therefore 


/ OO T poo 

x(X) / h{u)e~FC+>^) du dX 

—oo IJ —OO 


x(X) e 


h(u)e ju}u du dX 


P 17.17 


/ OO 

x(X)e~ jujX H(u) dX = H(u)X{u) 

— OO 

/ oo r 1 poo 

— Fi(u)e Jtu du f 2 (t)e~ J0Jt dt 

—oo L Z7T J —oo 


| poo r poo 

27T J —oo J —oc 

i z 100 r_ , 


F\{u)f 2 {t)e i ut e i tu du dt 


| /‘oo r poo 

— — Fi (u) / f 2 (t)e~ j( ' u) ~ u ) t dt du 

27 T J —oo . J — oo 

1 r 00 

= 4“ / F 1 (u)F 2 (u-u)du 

Z7V J — oo 


P 17.18 [a] F(c/) = / f(t)e~ ju>t dt 


d}7 poo pjr . n poo 

— = /_ — [/(f)e" JaJt ] dt = -j J^tf(t)e~ 3Ut dt = -jF{tf{t)} 


Therefore 7 ~p~ ~ = T 7 {£/(£)} 


d 2 F(cu) 

du' 2 


/ OO 

-oo 


Note that (— j) n = 


Thus we have j r 


d n F(c^ 

du n 


= F{t n f(t)} 


[b] (i) ^ = FH; 


a + ju 


dF{u) _ —j 

du (a + j u) 2 


Therefore j 


. \dF(u) 


(■a + juf 


Therefore T{te at u(t)} = 


[a + ju) 2 



Problems 17-15 


(ii) F{\t\e “^} = T{te at u(t)} — F{te at u (—£)} 


-3- 


d 


(a + j u) 2 du\a — ju / 

1 1 


(«a + ju) 2 (a-ju) 2 

(iii) Tite-^} = F{te~ at u(t)} + F{te at u(-t)} 


+ 3- 


d 


(a + ju ) 2 ' J du \a — ju J 

1 1 


(«a + ju ) 2 (a-ju) 2 

P 17.19 [a] fi(t) = cosu 0 t, Fi( u ) — ^[d(u + u 0 ) + 6(u — u; 0 )] 

f 2 (t) = 1, — r/2 < t < r/2, and / 2 (t) = 0 elsewhere 

1 _, / , rsin(Mr/2) 

Thus F 2 (u =- 

ut/2 

Using convolution, 

Fi(m)F 2 (cu — -u) du 


1 r°° 

F 


1 7°° re/ \ cv \-i sin[(u; — u)t / 2] 

= 27 r/ V [,5( “ +Wo) + “ "° )lr (u ~ u)(t/ 2) du 


T 


' . sin[(u; — u)t/2] , 

b(u + Uo)— - du 

27 _oo (u — u)(t/2) 


sin[(u; — u)t j 2] 
u)(t/2) 


t f°° . sin[(a; , 

+ -/ (5(m-cuo)^- . , ... du 

2 J — oo ((U — 


r sin[(ct; + cuo)r/2] r sin [(a; — cuo)r/2] 

2 (cu + cuo)(r/2) ^2 (u — uq ) t /2 

[b] As r increases, the amplitude of F(u) increases at u = ±u 0 and at the same 
time the duration of F(u) approaches zero as u deviates from ±u 0 . 

The area under the [sinx]/x function is independent of r, that is 

r p sin[(uj - ujo)(t/ 2)] ^ = /» smj^ - ^)(r/2)] = ^ 

2 7-oo (cu — cu 0 )(r/2) 7-oo (cu — cu 0 )(r/2) 

Therefore as t —* oo, 

fi(t)f 2 (t) —y coscuq 7 and F(u) —y 7r[<5(cu — cuq) T S(u T cuq)] 
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P 17.20 [a] v g = 100u(t) 
Vg(u) = 100 

H(s) = 10 


7r5(u) H- 

ju 


H(u) = 7 


5s + 10 
2 


s + 2 


ju) + 2 

V 0 (u) = H(u)V g (u) = 

= V 1 (u) + V 2 (u) 

1 


200 


200v tS(u) 

ju + 2 ju(ju) + 2) 


l ’ l(i)= 2i/- 


°° 2007re- ?taJ r/ . , 

-o(a;) aa; = — 

-oo ja; + 2 27 t 


^ 2007t j ^ ( s if t j n g property) 


T/ , s K x K 2 100 100 

V 2 (u) — - -b --- = --:-- 

juo ju) + 2 juo ju) + 2 

v 2 (t) = 50sgn(t) — 100e~ 2i w(t) 

v 0 (t) = Vi(t) + v 2 (t) = 50 + 50sgn(t) — 100e _2t w(t) 

= 100u(t) - 100e _2i w(t) 

v 0 (t) = 100(1 - e~ 2t )u(t)V 


[b] 



0 


0.5 


1 


1.5 


2 



Problems 17-17 




P 17.22 [a] Find the Thevenin equivalent with respect to the terminals of the capacitor: 




I 0 _ HT 4 s 
Vxh s + 50 


%) 


ju x 10' 4 
ju + 50 
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VTh = = 30 sgn(f); 


^Th= — 


T rrr \ / 60 \ (ju x 10- 4 ' 

Io - H(u)V Th(<^) — — — - r n 

\JU J \ JUJ + 50 

i 0 (t) = 6e~ 50t u(t)mA 

[b] At t — 0 the circuit is 


6 x 10” 3 
juj + 50 


3 6 V© 


-VA- 


12kQ - 


+ 3°V: 

l 60kQ 

+ 





2]1F 


At t = 0 + the circuit is 
v 5.5mA 


- ; -Wv-■ 


12kQ - 


b 3 0V ■ 

EeokQ 

+ 

/\ 


0.5mA 


+ ijO ) =6mA 


* 9 (0 + ) 

* 60 k( 0 H 


30 + 36 
12 


= 5.5 mA 


30 

= — = 0.5 mA 
60 


i o (0+) = 5.5+ 0.5 = 6 mA 


which agrees with our solution. 

We also know i 0 (oo) = 0, which agrees with our solution. 

The time constant with respect to the terminals of the capacitor is Rr\,C Thus, 

r = (10,000)(2 x 10~ 6 ) = 20ms; .2 - = 50, 

T 

which also agrees with our solution. 

Thus our solution makes sense in terms of known circuit behavior. 




Problems 


17-19 


P 17.23 [a] From the solution of Problem 17.22 we have 


v 


Th 


O 


10kQ 

—Wv— 


* 

+ 


V 

o 


10 

2s 


♦ 


v 0 = 

H(s) 


10 4 + (10 6 /2s) ' 2s 

_ Vo_ _ 50 

Vxh s + 50 


H(ju) 


50 

ju + 50 


^Th©) 


60 

ju 


/60 \ 30 

K©) = H(ju)V T h (u) = - —- 

\ju J jlu 50 

3000 _ 60 60 

(ju)(ju + 50) ju ju + 50 

v a (t) = 30sgn(f) — 60e _50 ©(f) V 

[b] n o (0") = -30 V 

u o (0 + ) = 30 - 60 = -30 V 


This makes sense because there cannot be an instantaneous change in the 
voltage across a capacitor. 

v Q (oo) = 30 V 

This agrees with u Th (oo) = 30 V. 

As in Problem 17.22 we know the time constant is 20 ms. 


P 17.24 [a] J" = H(s ) = 

V 9 

H(s) = 


4/s 

0.5 +0.01s + 4/s 
400 


400 


H(ju) = 


s 2 + 50s + 400 
400 


(s + 10)(s + 40) 


(ju + 10) (ju + 40) 


V B (U) 


6 

ju 
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2400 

KM = VJcu)H(juj) = -^-- 

1 ^ 9y ’ ’ jceijce + 10)(jo; + 40) 

, . K x K 2 K , 

V 0 {uj) = — + , , 2 _ + — 3 


jce jco + 10 + 40 

r , 2400 2400 

K i = = 6; K 2 = 


400 


-10)(30) 


K, = 


2400 


Voice) = — 


-40)(—30) 
6 


= 2 


jce joe + 10 jce + 40 
Voit) = 3sgn(t) — 8 e~ m uit) + 2e~ 40i w(t) V 


[b] u o (0-) = -3V 

[c] Vo (0 + ) =3-8 + 2 = —3V 

[d] For t > 0 + : 


0.50 0.01s 4/s 


-VA- 



Hh- 


3 

s 


© 


v 


© 


3 

3 


K - 3/s (K + 3/s)s 
0.5 +0.01s + 4 


K 


■ 100 s' 
.s + 50 + 4. 


300 

s(s + 50) 


-0.75 


1200 - 3s 2 - 150s _ JK K 2 K 3 
s(s + 10)(s + 40) “ ~7~ + s + 10 + s + 40 


1200 _ o ts _ 1200 “ 300 + 1500 _ O 

“ 400" “ 3 ’ 2 “ (—10)(30) “ ~ 8 


1200 - 4800 + 6000 
(_40)(-30) 


Voit) = (3 - 8e” lw + 2 e~ m )uit) V 


[e] Yes. 



Problems 17-21 


P 17.25 [a] I 0 = 


V„ 


0.5 + 0.01s + A/s 


H{s) = £ = 


100s 


100s 


V g s 2 + 50s + 400 (s + 10) (s + 40) 

H( \ MM 

1 J {ju + 10) {ju + 40) 

W - £ 


IM = H{u)V g {u) = - 


600 


{ju + 10) {ju + 40) 


20 


20 


ju + 10 ju + 40 
i a (t) = (20e~ lot - 20 e~ 40t )u(t) A 


[b] i o (0~) = 0 

[c] i o (0 + ) = 0 

[d] 


0.50 0.01s 4/s 

—VA--«-Ih- 

-> 



6/s 600 

° “ 0.5 +0.01s + 4/s ““ s 2 + 50s + 400 

600 _ 20 20 
(s + 10)(s + 40) s + 10 s + 40 

i a (t) = (20e~ lot - 20 e~ 40t )u(t) A 


[e] Yes. 


P 17.26 [a] I Q 


IgR 

R + l/sC 


RCsI g 
RCs + 1 ’ 



s 

s + l/RC 


1 _ 10 6 
RC ~ 25 x 10 3 


H(u) 


ju 

ju + 40 


i g = 200sgn(t) //A; 


(200 x 10" 6 ) 



400 x 10" 6 
ju 
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I 0 = I g [H(co )] = 


400 x 10 

ju 


-6 


JU 


400 x 10 


-6 


j to + 40 jco + 40 


i 0 (t) = 400e m u(t ) nA 


[b] Yes, at the time the source current jumps from —200 pA to +200 /jA the 
capacitor is charged to (200) (50) x 10 -3 = 10 V, positive at the lower 
terminal. The circuit at t = 0~ is 


0 (pA), 


20OpA 1 


+) 50kQ: 

^ iov - 

2 0 OpA^ 

+ 


=p= 0.5pF 


At t = 0 + the circuit is 


400 (pA), 


2 0 ( 



- 

'■) 50kQ; 

> 

^ iov - 

2 0 OpA^ 

+ 


=p= 0.5pF 


The time constant is (50 x 10 3 )(0.5 x 10 6 ) = 25 ms. 
1 


P 17.27 [a] V 0 = 


= 40 


W/sCO 


for t > 0, i 0 — 400e m +A 


IgR 


R+{l/sC) RCs +1 


H{s) = ^ = 


l/C 


2 x 10 6 


s + (1 / RC) s + 40 


H(u) = 


2 x 10 6 


40 + ju ’ 
V 0 (u;) = H(u)I g (u) = 
800 


4M = 


400 x 10 


-6 


JU 


- 6 ' 


/400 x 10 
V ju 
20 20 


' 2 x 10 6 ' 
40 + jco 


jo; (40 + jco) jco 40 + jco 
v Q (t) = 10sgn(f) — 20e _40t -u(t) V 


[b] Yes, at the time the current source jumps from —200 to +200 //A the capacitor 
is charged to —10 V. That is, at t = 0 _ , 
u o (0") = (50 x 10 3 )(—200 x 10 -6 ) = -10 V. 





Problems 17-23 


At t = oo the capacitor will be charged to +10 V. That is, 

n G (oo) = (50 x 10 3 )(200 x 10- 6 ) = 10 V 

The time constant of the circuit is (50 x 10 3 )(0.5 x 10 -6 ) = 25 ms, so 
1/r = 40. The function v a (t) is plotted below: 
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[b] u 0 ((T) = 5V 

[c] n o (0 + ) = 12.5-7.5 = 5V 

[d] i g = 3 e~ 5t u(t), t >0 + 



3 

s + 5’ 


H(s) 


10 

s + 1 


Vo (0 + ) = 5V; jC = 0.5 



30 5 

(s + 5)(s + l) s + 1 

—7.5 7.5 5 _ 12.5 _ 7.5 

s + 5 s + 1 s + 1 s + 1 s + 5 

v 0 (t) = (12.5 e -t: - 7.5 e~ 5t )u(t) V 

[e] Yes, for t > 0 + the solution in part (a) is also 

v 0 (t) = (12.5e _t - 7.5e~ bt )u(t) V 

P 17.29 [a] 






Problems 17-25 


# = ■*« = 


_ R/LjL 2 _ 

s(s + i?[(l/ Li) + (1/1/ 2 )]) 


= 12 x 10“ 


R { = 3 x 10 4 
\Li L 2 J 


••• #(*) = 


12 x 10 5 
s(s + 3 x 10 4 ) 


12 x 10 5 

joj{ju + 3 x 10 4 ) 

Vg(u) = 1257T[5(a; + 4 x 10 4 ) + 5(u - 4 x 10 4 )] 
r / , _ ISOOvr x 10 5 [<5(w + 4 x 10 4 ) +%-4x 10 4 )] 


I 0 {uo) = H(u)V g (u) = 


joj(ju) + 3 x 10 4 ) 


1500vr x 10 5 r°° [<J(u; + 4 x 10 4 ) +%-4x 10 4 )]e^ 
27r 7-oo jw(juj + 3 x 10 4 ) 


i„(t) = 750 x 10 5 


j40,000t 


-j40,000(30,000 - j40,000) 


o J40,000i 


j40,000(30,000 + j40,000) 


75 x 10 6 ( e -l 40 ’ 000t e j4o,ooot 
4x108 \-j(3-j4) + j(3 + j4) 


7g ( g—j"40,000t gj40,000t 

400 | 5/- 143.13° + 5/143.13° 


= 0.075 cos(40,000t - 143.13°) A 


i 0 (t) = 75 cos(40,000t - 143.13°) mA 
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[b] In the phasor domain: 


125/o°vQ 


V 0 -125 V 0 V 0 

—-+ —— + — = 0 

j200 j'800 120 

12V 0 - 1500 + 3V C + j20V o = 0 

1500 


V 0 = 

I, 


= 60 /- 53.13° V 


15 + j 20 

Vo 

j800 

i 0 (t) = 75 cos(40,000t - 143.13°) mA 


= 75 x 10~ 3 /— 143.13° A 


P 17.30 [a] 


25Q 

-AM- 


100/5 
-Ih- 


v g © 


+ J 

VA S 


V n — 


V g s 


V g s 2 


25 + (100/s) + s s 2 + 25s + 100 


«(*) !? 


j200Q 

/vw\ 

j 

+ 

t) j Siloed 


V 

( 


o 



- 


12 0Q 


H(u) = - 


(M 


Vg (s + 5)(s + 20) (ju + 5 )(ju + 20) 

Vg = 25 ig = -450 e 10t u(-t) - 450e~ 10t «(t) V 
450 450 


Vn = ~ 

9 —ju + 10 ju + 10 


V 0 (u) = H(u)V g = 


-450 (ju) 


+ XT 


j V + 10 )(ju + 5 )(ju + 20) 
450 (jo;) 2 


(ju + 10 )(ju + 5) (ju + 20) 

K 1 , I<2 K 4 K 5 

' • , ' * . r- ' • 


—ju + 10 ju + 5 ju + 20 ju + 5 ju + 10 


© 

ju + 20 




Problems 17-27 


IQ 


450(100) 

(15)(30) 


-100 


IQ 


-450(25) 

(5)(15) 


-150 


IQ 


450(25) 
(15)(15) = 


_ -450(100) 
5 “ (-5)(10) 


900 


IQ 


450(400) 
(30)(—15) 


400 


450(400) 

( 15 ) ( 10 ) 


-100 -200 -800 900 

—joj + 10 jw + 5 juo + 20 ju + 10 


v Q = -100e 10t w(-f) + [900e _lot - 200e" M - 800 e~ m }u(t) V 

[b] v o (0") = -100 V 

[c] n o (0 + ) = 900 - 200 - 800 = -100 V 

[d] At t — 0 the circuit is 


25Q 


100/s 
-It— 


450V© 


s 100V 
+ 


Therefore, the solution predicts ©0“) will be —350 V. 

Now ni(0 + ) = ©0”) because the inductor will not let the current in the 25 
resistor change instantaneously, and the capacitor will not let the voltage 
across the 0.01 F capacitor change instantaneously. 

At t = 0 + the circuit is 

25Q 0.01F 

--It-1 

+ -350V - + J 

450V© V Q > io 0V 


From the circuit at t = 0 + we see that v, :> must be —100 V, which is consistent 
with the solution for v 0 obtained in part (c). 
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P 17.31 


25Q 


125x10/5 



100Q 


V 0 — V g 100 V 0 V Q s 

25 + s + 100s + 125 x 10 4 ' 

s(100s + 125 x 10 4 )17 9 
° “ 125(s 2 + 12,000s + 25 x 10 6 ) 


H(s) 

H{u) 


sV 0 

100s + 125 x 10 4 


Vg 125(s 2 + 12,000s + 25 x 10 6 ) 
-8 x 10 -3 u; 2 

(25 x 10 6 -uj 2 ) +jl2,000u 


V g (u) = 300tt[5(cu + 5000) + 5{u - 5000)] 


I 0 (u) = H(ou)V g (u ;) 


-2Anuj 2 [S(uj + 5000) + 5(u - 5000)] 
(25 x 10 6 -to 2 ) +j 12,000c; 


_ -2An r°° oj 2 [<J(u; + 5000) + 5(u - 5000)] itu _ 
2n J -oo (25 x 10 6 - uj 2 ) + j 12,000a; C “ 

0 f 25 x 10 6 e^ 5000i 25 x loV 5000t ) 

j —j(12,000)(5000) + j(12,000)(5000) J 

6 f e i-5000i 'j 

-uj— + —| 

= o.5[e _i(500W+9 ° 0) + e i( 5000t + 90 °)] 


i 0 (t) = 1 cos(5000t + 90°) A 



Problems 17-29 


P 17.32 [a] 



From the plot of v g note that v g is —10 V for an infinitely long time before 
t — 0. Therefore 


n 0 ((T) = —10 V 

There cannot be an instantaneous change in the voltage across a capacitor, so 

n o (0 + ) = -10 V 

[b] i o (0“) = 0 A 

At t = 0 + the circuit is 



[c] The s-domain circuit is 

5Q 
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%) = 7 


ju + 2 



V g (u) — 5 — — 5[27r<5(u;)] + t _ 

9 \jw) 1 J Jcu + 5 ju; 


30 10 , 30 

10vr<5(u;) + - 


ju + 5 


V 0 (u) = H(u)V g (u) = 7 
20 


jw + 2 

207r5(a;) 


10 r/ \ 30 

--107r5(a;) + --- 

JU JU + 5 

60 


ju(ju + 2) jo; + 2 (ju + 2) (ju + 5) 


207r<5 (co») 

ju; ' ju + 2 ' ju + 2 ' jo; + 5 ju; + 2 


K 0 Kj K 2 K> 
= - + ——+ -—— + 


60 


A^ 0 = y = 10; ^ = ^ = -10; K 2 = “ = 20; K 3 = ^ = -20 


t r / \ 10 , 10 

V Q (u) — - -h - 


20 


20 nS(u) 10 10 


20 


ju ju + 2 ju + 5 ju + 2 jo; ju; + 2 ju; + 5 
u 0 (t) = 5sgn(t) + [10e _2f — 20e _5t ]-u(£) — 5V 


— 107r5(u;) 


P 17.33 [a] 



800Q 


(Vq - Vg)s Vo Vo_ = 

10 6 4s 800 


V 0 = 


s 2 V n 


Vo 

Vo 


s 2 + 1250s + 25 x 10 4 


= H(s) = 


H(u) = - 


(s + 250) (s + 1000) 
(7^) 2 

(ju + 250) (ju; + 1000) 


v g = 45e -500 ^; V g (u) =- 


45,000 


(ju + 500) (—ju; + 500) 


45,000 (ju;) 2 

o(w) - M g{0J ) - ^ + 250 ^^ + 500)(ju; + 1000) (-ju + 500) 

Aj K 2 K> lu 


ju + 250 ju + 500 ju + 1000 —ju + 500 
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45,000(—250) 2 

1 (250)(750) (750) 

45,000(—500) 2 = 

2 (—250)(500)(1000) 


K, = 


K a = 


45,000(—1000) 2 
-750) (—500) (1500) 

45,000(500) 2 


= 80 


= 10 


(750)(1000)(1500) 
v a (t) = [20e _25Ot - 90e _500t + 80e- looot ]«W + 10e 500t Ml 
[b] v o (0~) = 10 V; C o (0 + ) = 20 - 90 + 80 = 10 V 


vJoo) = 0 V 


K 


[c] h = ^ = 


0.25sK 


4s (s + 250) (s + 1000) 
0.25s 


m = # = 


HM = 77 


V g (s + 250) (s + 1000) 
0-25 (ju) 


hiu) = 


(ju + 250) (ju + 1000) 

0.25(ju) (45,000) 

(ju + 250) (jo; + 500) (ju + 1000) (-ju; + 500) 


K\ 


+ - 


Ko 


+ - 


K . a 


Ka = 


ju + 250 ju + 500 ju + 1000 
(0.25) (500) (45,000) =5mA 


+ 


Ka 


-ju + 500 


(750)(1000)(1500) 
i L (t) = 5 e 5m u(—t); .'. i L ( 0 _ ) = 5mA 

Ki = ( °' 25 j^~-- 0)( ,--’^° 0) = —20 mA 


lU = 


K, = 


(250)(750)(750) 

(0.25) (—500) (45,000) 
(—250)(500)(1000) 

(0.25) (—1000) (45,000) 


= 45 mA 


= -20 mA 


-750) (—500) (1500) 

.-. i L (0 + ) = K x + K-2 + K :i = -20 + 45 - 20 = 5 mA 
Checks, i.e., i L (0 + ) = *l( 0~) = 5 mA 


-t)V 
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At t = 0 : 

uc(0“) = 45 - 10 = 35 V 
At t — 0 + : 

v c (0 + ) = 45 - 10 = 35 V 

[d] We can check the correctness of our solution for t > 0 + by using the Laplace 
transform. Our circuit becomes 


35x10 



(s 2 + 1250s + 25 x 10 4 )V o = s 2 V g - (35s + 5000) 


vJt) = 45 e~ 500t u(t) V; V Q = - 

9W W ’ 9 s + 500 

( 8 + 250 )( 8+ 1000 ) K = 45 s 2 - ( 35 ; t 5 ”° )(8 + 500) 

(s + 500) 

_ 10s2 - 22,500s - 250 x 10 4 
° “ (s+ 250)(s +500) (s + 1000) 

20 90 80 

“ s + 250 ~ s + 500 + s + 1000 

v 0 (t) = [20e~ 25Ot - 90e _500t + 80 e - looot ]M(f) V 

This agrees with our solution for v 0 (t) for t > 0 + . 



P 17.34 [a] 



Problems 17-33 


KM = , (16/ 1,_, KM 


h M = 


10 + s + (16/s) 
V 0 (s) 16 


16 


H(u) = 77 


V g (s) s 2 + 10s + 16 (s + 2)(s + 8) 
16 


(ju> + 2)(ju + 8) 
V a (u) = H(u) ■ V g (u) = 


1152 jo; 


(4 - ju ) (4 + ju) (2 + ju) (8 + ju) 


77, 77 2 77 3 77 4 

+ --— + 7 ^- + 


K\ — 


Ko = 


K, = 


Ka — 


4 — ju 4 + ju 2 + jo; 8 + ju 
1152(4) o 


( 8 )( 6 )( 12 ) 

1152(—4) 
(8)(—2)(4) 

1152 (-2) 

( 6 )( 2 )( 6 ) 

1152(—8) 
(12)(-4)(-6) 


= 72 


= -32 


V Q (ju ) — -— + 


= -32 


72 


32 


32 


4 — ju 4 + ju 2 + ju 8 + ju 
v 0 (t) = 8e 4t u(-t) + [72e -4 * - 32e" 2t - 32 e~ 8t ]u(t)\ 

[b] u o (0") = 8 V 

[c] v o (0 + ) = 72 - 32 - 32 = 8 V 

The voltages at 0 _ and 0 + must be the same since the voltage cannot change 
instantaneously across a capacitor. 

40 600(s + 10) 


P 17.35 V 0 {s) = — + 30 


V 0 (s) = 77(s) • - 
s 


s s T 20 s T 30 s(s T 20)(s + 30) 


15 


H(s) 


40(s + 10) 

(s + 20) (s + 30) 


H(u) 


40 {ju + 10) 

(ju + 20) (ju + 30) 
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P 17.36 


P 17.37 


KM = — • 


40 (ju + 10) 


1200 (ju + 10) 


ju; (ju + 20) (ju + 30) ju(ju + 20) (ju + 30) 


80 


, . 20 60 

vJu) =-1- 

v ' ju ju + 20 ju + 30 


v Q (t) = 10sgn(t) + [60e" 2tM - 80e" 3O >(t) V 


f(t) = J- ( [° e“e jt “ du + f°° e~“e jtuJ du\ = 
Z7T U-oo JO J 

(1/7r) 2 


[a] 

[b] W = 2 


1 / 7T 


1 + t 2 


2 r°° 

dt — — 


dt 


1 

= — J 


/0 (1 + t 2 ) 2 it 2 J 0 (1 + t 2 ) 2 2n 


[c ] W = - I e 

71 Jo 


1 r 00 1 p 

1 1 


7T 


00 | 

0 2tx J 


rui 


[d] - / e 

71 Jo 


—2uj 


, 0.9 


1 — e 

wi = (1/2) In 10 ^ 1.15 rad/s 


—_ 


= 0.9, 


3 2oji _ 


= 10 



IgR RCsIg 

R+(l/sC) = RCs + l 


H ^=fr7Tum 


RC = (100 x 10 3 )(1.25 x 10~ 6 ) = 125 x 10" 3 ; 


1 _ 1 
RXJ ~ 0.125 


H(s) 


s 

s + 8’ 


H(u) 


ju 

ju + 8 


. , 30 x 10" 6 

/ » (a,) = -JU7UT 


I 0 (u) = H(u)Ig(u) 


30 x 10 ~ 6 ju 
(ju + 2 )(ju + 8) 




Problems 17-35 


|/oM| = 


w(30 x 10 


—6 > 


(V% 2 + 4)(v% 2 + 64) 


|/oM| 2 = 


900 x 10 - 12 cu 2 


K\ K, 


(a; 2 + 4) (a; 2 + 64) lu 2 + 4 a; 2 + 64 


= (900 x 10~ 12 )(—4) = 2 

(60) 


900 x 10~ 12 -64 19 

K 2 = 2 ---= 960 x 10~ 12 

-60 


|/oM| 2 = 


960 x 10" i2 60 x 10 


-12 


lu 2 + 64 


lu 2 + 4 


1 r°° 

w m = - \Io(u>)\ 2 du = 

7r Jo 


960 x 10 12 r°° du 60 x 10 12 r°° dtu 


n Jo lu 2 + 64 


7T io W 2 +4 


120 x 10 


-12 


tan 


-l 


LU 


n 


00 30 x 10" 12 u 

-tan — 

0 7T 2 


/120 7r 30 7T 
V 7T 2 7T 2 


) x 10" 12 = (60 - 15) x 10” 12 = 45 pJ 


Between 0 and 4 rad/s 


W ia = 


120 , 1 30 ' 

-tan-tan 2 

7T 2 7T 


x 10" 12 = 7.14pJ 


7.14 

~45~ 


(100) = 15.86% 


P 17.38 [a] V g {u) = - 


60 


(ju-+l)(-ju + l) 
rr, , Vo 0.4 

H{s) = vr 7To5 ; 




VM = TT 


24 


(ja; + l)(^ + 0.5)(-ja; + l) 

-r r / \ -24 32 8 

K,(ca) — -——r + -—. „ - + 


ju + 1 jou + 0.5 —jou + 1 


v a (t) = [-24e _t + 32e -t/2 ]w(£) + 8e%(-t) V 
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[bl 'W = (JtT) 


IVgPI 



[C] ikmi 


24 

(iv 2 + 1)V^2 + 0.25 



[d] Wi = 2 I 900e _2t dt = 1800 


2t 


—2 


= 900 J 


/*0 f' OO 

[e] W 0 = / 64e 2t dt + / (-24 e -* + 32 e -*/ 2 ) 2 dt 


J — oo J 0 

= 32 + / 0 °°[576e _2t - 1536e- 34 / 2 + 1024e _t ] dt 
= 32 + 288 - 1024 + 1024 = 320 J 


Problems 17-37 


P 17.39 


m 177)1 = 


60 2 . 3600 

, IK HI = 


u 2 + 1 
_ 3600 r 2 du 

9 ~ KT J oH + i ) 2 


H +1) 2 


3600 [1 / u 


7T I 2 VCU 2 + 1 


+ tan 1 u; 



1800 / ? + tan- 1 2) = 863.53 J 


n \5 
/863.53\ 


V 900 J 


x 100 = 95.95% 


[g] IKMI 2 = 


576 


(cn 2 + l) 2 (cn 2 + 0.25) 
1024 768 


1024 


cn 2 + 0.25 (lu 2 + l) 2 (uj 2 + 1) 


W D = -{ 1024 • 2 • tan” 1 2c o 

71 


- 76S (2) (zKH 


+ tan 1 oj 


— 1024 tan 1 u 
2048 


0 . 


, , 384 /2 

tan 1 4-—|- tan 1 2 

71 7T \5 


1024 


tan 1 2 


7T 


= 319.2 J 
319.2 


320 


x 100 = 99.75% 


In = 


0.5 Slg Slg 


0.5s + 25 s + 50 


H(s) = - = - 
V ^ Ig S + 50 


H(u) = - 

v ' juj + 50 


i M = 7 


12 


jcn + 10 


77) = 777) = y 

(jcn + 10)(jw + 50) 
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\Uu)\ = 


12u 


y/(o; 2 + 100) (lu 2 + 2500) 


l%MI 2 = 


144a; 2 


(a; 2 + 100) (a; 2 + 2500) 

-6 150 

u 2 + 100 + a; 2 + 2500 


W Q (total) = — / 
7 tJ 


1 r°° 150du 


1 r°° 6du 


71J 0 id 2 + 2500 7TJ o O’ 2 + 100 


3 

= — tan 

71 


-1 


50/ 


00 0.6 

-tan 

o vr 


-i 


u \ 00 

10/ o 


= 1.5-0.3 = 1.2 J 


q n a 

1 + 0 ( 0-100 rad/s) = — tan _1 (2)-— tan _1 (10) 

tv 7 r 


= 1.06 -0.28 = 0.78 J 


Therefore, the percent between 0 and 100 rad/s is 


0 78 

(100) = 64.69% 


P 17.40 [a] |+M| 2 


4 x 10 4 


| + ( 100)| 2 


4 x 10 4 
100 2 


|+ ( 200 ) | 2 


4 x 10 4 
200 2 


1 




Problems 17-39 


[b] V 0 


ViR 

R+(l/sC) 


RCVi 
RCs + 1 


ff( ) = — = S 1 

Vi s + (1/RC) ’ RC 


io 6 io- 3 

(0.5)(20) 


1000 

10 


= 100 


H(u) 


ju + 100 


IKMI 


200 |u;| 

M ' Vu 2 + 10 4 


200 

Vi.O 2 + 10 4 



4 x 10 4 
u 2 + 10 4 ’ 


100 < u < 200 rad/s; \V Q {u )| 2 = 0, elsewhere 


| K ( 100)| 2 


5 i 


I V ± (co) I 2 


4 x 10 4 

—-- = 2 ; 

10 4 + 10 4 


| K ( 200)| 2 


4 x 10 4 

5 x 10 4 


0.8 




r n Tir 1 f 200 4 x 10 4 , 4 x 10 4 

[c] Wm = ~ I ^— du = - 


7T JlOO 


U‘ 


7T 


n 200 


U 


100 


4 x 10 4 


7T 


1 

loo 


1 

200 


200 


7T 


^ 63.66 J 


1 r 200 4 x 10 4 , 4 x 10 4 u 

[d] W in = - 9 4 du = -tan — 

7r 7ioo or + 10 4 n 100 


200 

100 


400 


[tan 1 2 — tan 1 1] = 40.97 J 


-i 


rad/s 


3C 
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P 17.41 [a] V/u) = 
H(s) = 


A 


a + ju 
s 


I ^ HI = 


A 


yj a 2 + 


U^ 


s + a 
Therefore |14(u;)| = 

Therefore \V 0 (co)\ 2 = 


H{u) = 




a + ju 
uA 


\H(u)\ = 


U 


y/a 2 + u 2 


\J{a 2 + u 2 )(a 2 + u 2 ) 
u 2 A 2 


poo 

W m = / A 2 e~ 2at dt = 
Jo 

A 2 r 

Wout(o) = — 
n J 


( a 2 + LU 2 )(a 2 + lu 2 ) 

A 2 
2a’ 

A 2 r a u 2 du A 2 ( r a du 


when a = a we have 


r a a 2 du 


o(u 2 + a 2 ) 2 n \Joa 2 +u 2 Jo(a 2 +u 2 ) 2 


A 2 /7T _ ^ 


A 2 /• 

M'out (total) = — / 
TT Jo 


U 


Therefore 


4a7r \2 

JC /*oo 

I 

0 

WouAa) =Q5 _1 = aigl7 Qr 1817 % 
Wqvt (total) 7r 


( a 2 + u 2 ) 2 


du= — 
4 a 


[b] When a / a we have 
1 


WoutH — — [ 

TT J 


A 2 

TT 


u 2 A 2 du 
o (a 2 + u 2 )(a 2 + ca 2 ) 

I<\ I<2 

o La 2 + u 2 a 2 + ca 2 J 


da; 


where K\ = 


Therefore 


W / out(«) — 


a 2 — a 2 


and Ko = 


-a 


a 2 — a 2 


A 2 


ITout (total) = 
Therefore 


7T (a 2 — a 2 ) 

A 2 


i f a\ 
atari — 

an' 

— — 

\a J 

4 . 


7r(a 2 — a 2 ) 

Wout (a) 


TT TT 

a -a — 

2 2 


A 2 


2(a + a) 


Wout (total) 7r(a — a) 


a tan 


-i 


a \ an 


For a = ay/ 3, this ratio is 0.2723, or 27.23% of the output energy lies in the 
frequency band between 0 and ay/ 3. 

[c] For a = ajy/3, the ratio is 0.1057, or 10.57% of the output energy lies in the 
frequency band between 0 and a/y/ 3. 



